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PREFACE 


This book is part of a nine-volume Set entitled ''Fundamentals of 
Electronics''. The nine volumes include: 


Volume la - NavPers'93400A-la, Basic Electricity, Direct Current 
Volume 1b - NavPers 93400A-1b, Basic Electricity, Alternating Current 
Volume 2 - NavPers 93400A-2, Power Supplies and Amplifiers 

Volume 3 - NavPers 93400A-3, Transmitter Circuit Applications 
Volume 4 - NavPers 93400A-4, Receiver Circuit Applications 

Volume 5 - NavPers 93400A-5, Oscilloscope Circuit Applications 
Volume 6 - NavPers 93400A-6, Microwave Circuit Applications 

Volume 7 - NavPers 93400A-7, Electromagnetic Circuits and Devices 
Volume 8 - NavPers 93400A-8, Tables and Master Index 


If you are becoming acquainted with electricity or electronics for 
the first time, study volumes one through seven in their numerical 
sequence. If you have a background equivalent to the information con- 
tained in volumes one and two, you are prepared to study the material 
contained in any of the remaining volumes. A master index for all 
volumes is included in volume eight. Volume eight also contains 
technical and mathematical tables that are useful in the study of the 
other volumes. 


A question (or questions) follows each group of paragraphs. The 
questions are designed to determine if you understand the immediately 
preceding information. As you study, write out your answers to each 
question on a sheet of paper. If you have difficulty in phrasing an 
answer, restudy the applicable paragraphs. Do not advance to the next 
block of paragraphs until you are satisfied that you have written a 
correct answer. 


When you have completed study of the text matter and written 
Satisfactory answers to all questions on two facing pages of the book, 
compare your answers with those at the top of the next even-numbered 
page. If the answers match, you may continue your study with reason- 
able assurance that you have understood and can apply the material 
you have studied. Whenever your answers are incorrect, restudy the 
applicable material to determine why the book answer is correct and 
yours is not. If you make an honest effort to follow these instructions, 
you will have achieved the maximum learning benefits from each study 
assignment. 


Follow the directions of your instructor in answering the review 
questions included at the end of each chapter. 
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CHAPTER 49 


UHF TRANSCEIVER 


The name TRANSCEIVER was derived by com- 
bining the words ''transmitter" and ''receiver." 
As this name suggests, atransceiverconsists of 
a transmitter anda receiver, arrangedand con- 
nected so as to function as a single unit. 

Although transceivers can be constructed to 
operate at nearly any radio frequency. they are 
more popular in the high frequency bands. The 
transceiver to be described in this chapter op- 
erates within the band of frequencies extending 
from 300 Mc to 3000 Mc. 

Due to the short wavelength of the signals at 
high radio frequencies, much smaller values of 
circuit inductance and capacitance are required 
than were used inpreviously discussed circuits. 
Because of this, new techniques of circuit and 
component construction become necessary. It 
must be stressed, however, that cven though 
the tubes, tank circuits. etc., may have unusual 
physical appearances, the basic theory of oper- 
ation remains the same. This chapter is de- 
Signed to consider some of the problems en- 
countered in atypical UHF transceiver, and how 
they are solved. 


49-1. Characteristics of UHF Systems 

The frequencies from 300 Mc to 3000 Mc 
constitute what is called the ULTRA HIGH FRE- 
QUENCY (UHF) band. The location of this band 
of frequencies with respect to the other fre- 
quency bands in the radio spectrum is shown in 
Table 49-1. 


BAND FREQUENCY (Mc) 


0.01 to 0.03 Mc 
0. 03 to 0.3 Mc 
0. 3 to 3Mc 

3 to 30 Mc 

30 to 300 Mc 
300 to 3,000 Mc 
3,000 to 30,000 Mc 


Very low freq. 


Very high freq. 
Ultra high freq. 
Super high freq. 
Extremely high 

freq. 30,000 to 300, 000 Mc 


Table 49-1 - Radio-Frequency Spectrum. 


Notice that the RF spectrum commences at 
0.01 megacycles per second (10 kc) and pro- 





gresses through successively higher bands to 
the extremely high frequency band which ends 
at 300, 000 Mc. 

In the early periods of radio communications 
development, few stations were in operation and 
most of the radio spectrum was vacant. As 
thousands of additional stations were placed on 
the air(commercial, military, amateur, police, 
etc.) signals from one transmitter began to 
interfere with those from another due to crowd- 
ing of the stations. To minimize this problem, 
new communications services (suchas television, 
FM. citizens band, etc.) were assigned to 
higher and less crowded frequency bands as they 
came into existance. Thus, the frequency 
bands, as listed in Table 49-1],were developed 
and assigned. 

A radio wave, or electromagnetic wave, which 
leaves a transmitting antenna may travel toa 
receiving antenna in more than one way. The 
transmitted radio wave may be transferred to 
the receiving antenna by a ground wave (some- 
times referred to as a surface wave), by a sky 
wave, or by a space wave. Although other 
transfer mechanisms exist, the ones listed 
above are the most important. 

Since the ground waves travel over the sur- 
face of the earth they are greatly affected by 
the conductivity of the earthandany obstructions 
such as mountains or buildings on its surface. 
As it passes over the ground, the surface wave 
induces a voltage in the earth, setting up eddy 
currents. The energy to establish these cur- 
rentsis absorbed fromthe surface wave, there- 
by weakening it as it moves away from the 
transmitting antenna. Increasing the frequency 
of the radio wave, rapidly increases the attenu- 
ation so that surface wave communication is 
limited to relatively low frequencies. 

That part of the radio wave that moves up- 
ward and outward and is not in contact with the 
ground is called the sky wave. Some of the 
energy of the sky wave is refracted by the iono- 
sphere so that it comes back towards the earth. 
A receiver locatedinthe vicinity of the returning 
sky wave will receive strong signals eventhough 
several hundred miles beyond the range of the 
ground wave. However, as the frequency of the 
radio wave is increased the ionosphere refracts 
less energy back tothe earthand communication 
atultrahigh frequencies, by use of the sky wave, 
becomes very unreliable. 
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A radio wave that travels directly from the 
transmitting antenna to the receiving antenna, 
in the atmosphere adjacent to the earths sur- 
face (first 1O0miles above the surface), is called 
the space wave. Space wave energy may reach 
the receiving antenna by direct travel or as the 
result of reflection or refraction. Radio com- 
munications in the UHF range are normally 
accomplished by space-wave propagation. 

In general, the VHF and UHF waves follow 
approximately straight lines. Large hills or 
mountains cast a radio shadow overthese areas 
in the same way that they cast a shadow in the 
presence of light rays. A receiver ina radio 
shadow will receivea reduced signal, orin some 
cases no signal at all. Theoretically, the range 
of contact is the distance to the horizon, and 
this distance is determined by the heights of the 
antennas. This is why UHF communication is 
known as line-of-sight communication. 

The antennas used for UHF communications 
can be made highly directive. The reason for this 
is the small size of the antenna elements. More 
elements canbe used in a relatively small space. 
Because it is line-of-sight andcan be highly di- 
rective, relay stations are often used to extend 
the range of communications. 

One of the advantages of using UHF com- 
munication is found in the physical size of the 
unit. The high operating frequency and low 
power required of the UHF transceiver result 
in low values of components. The low values 
permit a reduction in the physical size of in- 
dividual components and, hence, in the size of 
the entire unit. This compactness makes the 
UHF transceiver highly suitable for air-to-air 
and ship-to-ship communications. 

The block diagram of the basic transmitter 
section of a UHF transceiver is shown in Fig- 
ure 49-1. Notice the similiarity between the 
block diagram of the UHF transmitter and the 
basic transmitter discussedin previous chapters. 
Waveforms indicating the input and output of 
each block are shown in Figure 49-1. The os- 
cillator block generates a radio frequency sig- 
nal which is amplified by the buffer amplifier. 
The buffer amplifier alsoisolatesthe oscillator, 





Figure 49-1 - Basic UHF transmitter. 
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orprevents it from being loaded by the following 
stages. The constant amplitude radio frequency 
signal from the buffer amplifier is then applied 
to a frequency multiplier, where its frequency 
is increased. The frequency multiplier may 
be a doubler, tripler, or quadrupler, depending 
on the desiredcarrier frequency. The output of 
the multiplier stage is then applied to the RF 
power amplifier. 

The microphone converts mechanical energy 
into electrical energy which, inthis case, varies 
at an audio rate. This small audio signal is 
then applied to audio amplifiers which increase 
its amplitude and power level. The audio out- 
put from the modulator is then applied to one of 
the elements of the RF power amplifier, the 
specific element depending on whether low or 
high level modulation is being used. The output 
of the RF power amplifier is a modulated RF 
signal of high power. 

Figure 49-1 shows that the transceiver con- 
tains an antenna relay which permits connection 
of a single antenna to either the transmitter 
or the receiver. In its normal position the 
antenna relay is deenergized and the antenna is 
connected to the receiver section. However, 
whentransmitting the antenna relayis energized 
and the antenna is connected to the transmitter. 
Figure 49-1 shows the antenna relay in its ener- 
gized position. 

Figure 49-2 shows the block diagram of the 
receiver section of the UHF transceiver. The 
antenna relay is shown in its normal (deener- 
gized) position, which connects the antenna to 
the receiver. The first stage of the UHF re- 
ceiver is the RF amplifier. This is a tuned 
amplifier which raises the level of the input 
signal. After amplification, the signal is then 
sent to the mixer. The other input to the mixer 
is a constant frequency, constant amplitude 
Signal. It is produced by a stable local oscil- 
lator. The output from the oscillator is applied 
to a,frequency multiplier. As in the trans- 
mitter, the multiplier may be adoubler, tripler, 
or quadrupler. It may consist of several stages 
of frequency multiplication. At the mixer, 
heterodyning between the modulated input signal 
and the constant frequency oscillator signal take 
place. Of the frequencies produced by this 
action only one, the intermediate frequency, is 
chosen and applied to the first IF amplifier. 
Normal UHF receivers have more than one stage 
of IF amplification. It is in these stages where 
the gain and bandwidth of the receiver are de- 
termined. After the signal has been sufficiently 
amplified, it is then applied to the detector 
stage where demodulation takes place. The 
signal now is composed of audio frequencies. 
The output from the detector is then applied to 
an audio amplifier. The number of audio ampli- 
fiers used is determined by the requirements of 
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Figure 49-2 - Basic UHF receiver. 


the user. In most UHF receivers, more than 
one stage of audio amplification is used. The 
output of the audio amplifier is then applied to 
a reproducer, which may be headphones as shown 
in the figure or a speaker. 


Ql. What is the function of the frequency multiplier 
in both the receiver and the transmitter ? 


TRANSCEIVER OSCILLATORS 


49-2, Tuned Plate Tuned Grid Oscillator 

Due to the high operating frequency the local oscil- 
lator of a UHF receiver must have better frequency 
Stability than its broadcast band counterpart. For 
this reason UHF receivers commonly use aCRYSTAL 
OSCILLATOR to achieve a high degree of frequency 
stability, The crysta)] oscillator is similar to that of 
the TUNED PLATE TUNED GRID (TPTG) OSCILLA= 
TOR. In order to better understand the operation of 
the crystal oscillator, the operation of the TPTG 
oscillator will be analyzed first. 

The tuned plate tuned grid oscillator as shown in 
Figure 49-3 is characterized by parallel resonant 
circuits in both the grid and plate circuits, At first 
glance, the circuit looks like nothing more than a 
tuned amplifier, and it is at some frequencies. This 
qualification is made because a visual examination 
reveals the absence of a feedback path. Without feed- 
back of the proper phase, the circuit will not oscillate. 

Feedback would be provided if a small capacitor 
were physically connected between the plate and grid of 
the tube. In that way a portion of the plate signal 
would be fed back to the grid. However, there is no 
need to physically connect a capacitor between plate 
and grid because the triodes grid-to-plate capacitance, 
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Cgp. will perform the feedback function. Therefore, 
the circuit in Figure 49-3 will oscillate if the follow- 
ing conditions prevail: the signal fed back to the grid 
is regenerative, the value of the capacitive reactance 
of the Cgy is such as to aid in producing regenerative 
feedback, and the amount of regenerative feedback is 
sufficient to overcome resistive losses in the grid 
circuit. The circuit will oscillate at a frequency slightly 
below the resonant frequency of the tank circuits, 
and both tank circuits will appear as an inductive 
impedance to the oscillating frequency. 
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Figure 49-3 - TPTG oscillator circuit. 


Before tuning the gridand plate tanks so that 
they present an inductive appearance, and dis- 
cussing the importance of this in the operation 
of the circuit, an analysis of the circuit will be 
made with both tanks tuned to their natural 
resonant frequency. It will be assumed that the 
interelectrode capacitance(C p) is very small, 
thereby, having a very large value of capacitive 
reactance. When tuned in this manner the cir- 
cuit will appear as shown in the equivalent ac 
circuit, Figure 49-4A. Since the tanks are 
tuned to the operating frequency, they willappear 
resistive. The X. value for the grid-to-plate 
capacitance is higher than the impedance, Z,, 
offered by the grid tank. In fact, itis dstatly 
designed to be ten times greater. 

Figure 49-4B shows a vector diagram which 
indicates the phase relationship between the 
various ac voltages and currents in the circuit. 
It is assumed that the grid voltage vector (eg) 
represents an initial signal applied to the grid. 
The plate current (i,) is in phase with this grid 
voltage and the plate voltage (ep) is 180° out of 
phase with this grid voltage as shown in the 
vector diagram. 


Al. It multiplies either the local oscillator 
frequency of the receiver or the trans- 
mitter oscillator frequency. By using 
multiplication, a very stable oscillator 
may be used. 


VECTORS NOT TO SCALE 





Figure 49-4 - TPTGoscillator equivalent circuit 
and vector diagram. 


The plate voltage (e,) is applied in parallel 
with the series combination of C,, and Z,. The 
current flowing in this branch is termed the 
feedback current (if). Since the reactance of 
Cc is at least ten times greater than Z, this 
branch of the circuit will appear capacitive and 
the feedback current (is) will leade, by an angle 
approaching 90°. The feedback current flowing 
through Z, will develope the feedback voltage 
(es). Since Zp, is assumed to be resistive, ef 
will be in phase with if. 

Figure 49-4B shows that the feedback volt- 
age is not in phase with the grid signal, hence, 
oscillations will not occur. It is not necessary 
that e¢ be exactly in phase with e, in order for 
the circuit to sustain oscillations, however, the 
angular difference between the two should be 
smal]. 

In order to oscillate, the tank circuits must 
appear slightly inductive, resulting in the ac 
equivalent circuit, Figure 49-5. The higher Q 
of the grid tank determines the frequency of the 
oscillator. Since the tank appears inductive 
it is represented in Figure 49-5 as a coil with 
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Figure 49-5 - TPTG oscillator showing both 
tank circuits tunedinductively. 
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Figure 49-6 - TPTG Vector diagram, inductive 
load. 


a series resistance. This resistance represents 
the effective resistance, or losses, of the tank. 
Normally the Q of the grid tank is greater than 
theQ of the plate tank. Therefore, the effective 
resistance in the gridcircuit is smallerthan the 
effective resistancein the plate circuit. Figure 
49-6 is a vector diagram illustrating the re- 
lationship between the various currents and 
voltages in a TPTGoscillator when the tank cir- 
cuits are tuned to appear inductive. 

As before, e, is assumed to be a signal 
applied to the grid. Plate current (ip) will be 
in phase with the grid voltage. Due to the 180° 
phase inversion introduced by the tube plus the 
inductive effect of the plate tank, will cause the 
plate voltage (e,) tolead e, by some angle more 
than 180° but less than 270°. The more induc- 
tive the plate load impedance appears, the closer 
€p will be to leading eg by 270°. 

The reactance of gp iS still much greater 
than the grid tank enol anee. so the reactance 
of the series combination of Cep and the grid tank 
will remain predominately capacitive. Thus, 
causing the feedback current (ig) to lead e, by 
an angle close to 90°. As shownpreviously, the 
feedback current will develope a voltage across 
the grid tank. However, it can be seen by the 
vectors in Figure 49-6, that since the grid tank 
is now inductive the feedback vonage (er) will 
lead if by some angle approaching 90°. The net 
result of tuning the tanks to appear inductive is 
that the feedback voltage (e-) is now nearly in 
phase with the grid signal and oscillations can 
be sustained. Proper adjustment of the tanks 
will bring e-¢ and eg even closer to an in phase 
condition. 

Tuning of the TPTGoscillator is accomplished 
by first adjusting the grid tank circuit to the 
APPROXIMATE desired operating frequency. 
This approximate grid tank adjustment is ob- 
tained through calibration marks on the tuning 
dial or operator experience. The plate tank is 
then adjusted until the circuit begins to oscillate. 
Once oscillations are obtained, the frequency of 
operationis comparedwith afrequency standard 
and the grid tank READJUSTED slightly to bring 
the circuittothe desired frequency of operation. 
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The plate tank is now READJUSTED to afre- 
quency Slightly below the frequency of operation 
of the circuit in order to insuré more etable 
operation. Thus, the grid tank controls the 
frequency of operation while the plate tank de- 
termines the magnitude of the output signal. 
Although it is possible to use the TPTG at 
relatively low frequencies its use is normally 
confined to the high frequency ranges by the 
value of the tubes interelectrode capacitance. 


Q2. How must the plate tank be tuned to sus- 
tain oscillations? 


Q3. If the triode were replaced by a pentode in 
the TPTG would the circuit still oscillate at the 
same frequency? 


49-3. Crystal Oscillator 


In order to obtain a higher degree of fre- 
quency stability in UHF transceiver oscillators, 
than is possible using a TPTG oscillator, a 
CRYSTAL OSCILLATOR is used. Ags stated 
previously, the operation of the crystal oscil- 
lator is very similiar to thatof the TPTG. It 
will be shown, in this section, that a properly 
cut crystal possesses the characteristics ofa 
resonant circuit and may, therefore, be used in 
place of a tuned circuit as a frequency con- 
trolling element. Before discussing the use 
and operation of a crystal in a circuit it will 
prove advantageous to discuss some of the pro- 
perties and preparation of various types ofcry- 
stals. 

The controlof frequency by means ofcrystals 
is based upon the PIEZOELECTRIC EFFECT. 
When certain crystals are compressed or 
stretchedin specific directions, electric charges 
appear on the surface of the crystal. Conversly 
when such crystals are placed between two 
metallic surfaces across which a difference of 
potential exists, the crystals expand or con- 
tract. This interrelation between the electrical 
andmechanical properties ofa crystal is termed 
the piezoelectric effect. If a slice of crystal is 
stretched along its length, s0 that its width 
contracts, opposite electrical charges appear 
across its faces, and a difference of potential 
is generated. If the slice of crystal is now 
compressed along its length, so that its width 
expands, the charges across its faces will re- 
verse polarity. Thus, if alternately stretched 
and expandeda slice of crystal becomesa source 
of alternating voltage. Conversly if an alter- 
nating voltage is applied across the faces of a 
crystal slice, it will vibrate mechanically. The 
amplitude of these vibrations is very vigorous 
when the frequency of the ac voltage is equal to 
the natural mechanical frequency of vibration of 
the crystal. If all mechanical losses are over- 
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come, the vibrations at this natural frequency 
will sustain themselves and generate electrical 
oscillationsofa constant frequency. Accordingly 
a crystal can be substituted for the tuned tank 
circuit inan electron-tube oscillator suchas the 
TPTG. 

Practically all crystals exhibit the piezo- 
electric effect, but onlya few are suitable asthe 
equivalent of tuned circuits for frequency- 
control purposes. Among these are quartz, 
Rochelle salt, and tourmaline, of which Rochelle 
salt is the most active piezoelectric substance; 
that is, it generates the greatest amount of 
voltage for a given mechanical strain, However, 
the operationofa Rochelle salt crystal is affected 
to a large extent by heat, aging, mechanical 
shock, and moisture. Although these factors 
render this substance unsuitable for use in fre- 
quency control applications, it does find appli- 
cations, as the active element in some micro- 
phones and phonograph pickups. Tourmaline is 
almost as good as quartz over a considerable 
frequency range, and is somewhat better than 
quartz in the range from 3 to 30 Mc, but it has 
the disadvantage of being a semiprecious stone. 
Its consequent high costexcludes it from general 
use. Quartz, although much less active than 
Rochelle salt, is used universally for frequency 
control of oscillators, because it is cheap, 
mechanically rugged, and expands very little 
with heat. 

Crystals used in oscillator circuits are cut 
from natural or artificially grown quartz cry- 
stals which have the general form of ahexagonal 
prism, as shown in Figure 49-7A. They are 
rarelyas symmetricalas that shown. Assuming, 
however, a symmetrical crystal, the cross 
section is hexagonal, as in part B and C of the 
Figure. The axis joining the points at each 
end, or apex, of the crystal is known as the 
optical or Z-axis. Stresses along this axis 
produce no piezoelectric effect. The X-axes 
pass through the hexagonal cross section at 
right angles to the Z-axis and are known as the 
ELECTRICAL AXES, because they are the di- 
rections of the greatest piezoelectric activity. 
The Y-axes, whichare perpendicular to the faces 
of the crystal as well as to the Z-axis, are 
called the MECHANICAL AXES. A mechanical 
stress in the direction of any Y-axis produces 
an electrostatic stress, or charge, in the di- 
rection of that X-axis which is perpendicular to 
the Y-axis involved. The polarity of the charge 
depends on whether the mechanical strainisa 
compression or a tension. Conversely, an 
electrostatic stress, or voltage, applied in the 
direction of any electrical axis, produces a 
mechanical strain, either an expansion or a 
contraction, along that mechanical axis which 
is at right angles to the electrical axis. For 
example, if a crystal is compressed along the 
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It must be tuned inductively to provide 
feedback of the proper phase. 


No. Because the value of the interelec- 
trode capacitance in a pentode is much 
smaller. This smaller value of inter- 
electrode capacitance will cause the circuit 
to oscillate at a higher frequency. 
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Figure 49-7 - Quartz crystal axes and cuts. 
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Y-axis, (Figure 49-7B), a voltage will appear 
on the faces of the crystal along the X-axis. If 
a voltage is applied along the X-axis (Figure 
49-7C), of a crystal, it will expand or contract 
in the direction of the Y-axis. This intercon- 
nection between mechanical and electrical prop- 
erties is exhibited by practically all sections cut 
from a piezoelectric crystal. 

Crystal wafers can be cut from the mother 
crystal in a variety of directions along the axes. 
They are known as CUTS, and are identified by 
such designations as X, Y, AT, BT, GT, etc. 
Eachhas certainadvantages, but, ingeneral, one 
or more of the following properties are desired: 
ease of oscillationatintended frequency, a single 
frequency of oscillation, and minimum frequency 
changes resulting from temperature changes. 
The X-cut is sliced along a Y-axis and has its 
main parallel faces perpendicular to an X-axis, 
as in Part B of Figure 49-7. Although the dia- 
gram shows the sectiontakenfrom the center of 
the crystal, the plate can be sliced from any 
part of the crystal, provided the orientation in 
respect to the axes is maintained. Part C 
illustrates the Y-cut, the long parallel faces of 
which are perpendicular to a Y-axis. This 
type is known also as a 30° cut, because the 
Y-axis passing through its center is at an angle 
of 30° in respect to the nearest X-axis. X and 
Y cutshave unfavorable temperature character- 
istics, as will be explained later. Better 
characteristics canbe obtained by cutting plates 
at different angles of rotation about the X-axis. 
The Y-cut serves as zero-degree reference, 
since it is lined up with both X and Z-axes; that 
is, it lies in aplane formed by the X and Z-axes. 
Now, assume that the crystal wafer is rotated 
about the X-axis in a clockwise direction, so 
that it forms an angle of 35° with the Z-axis, as 
in Part D. The resulting slice is called the AT 
cut. Many other cuts exist, but they will not be 
discussed here. 

Crystals used in oscillator circuits must be 
cut and ground to accurate dimensions. For 
instance, a typical quartz crystal resonant at 
1 Mc would measure 1 inch by 1 inch by 0.1125 
inch. Crystals may be cut in various shapes, 
with crystals in the lower frequency range being 
square or rectangular and some of the crystals 
in the higher frequency ranges being disk shap- 
ed, similiar to a coin. For precise test work, 
crystals may be cut in the form of a flat ring. 
The type of cut also determines how active the 
crystal will be. Also, for any given crystal 
cut, the thinner the crystal, the higher the 
resonant frequency. The more care that is 
taken in cutting and grinding the crystal, the 
more accurate will be the final result. For 
example, crystals which are not ground toa 
uniform thickness may have two or more reson- 
ant frequencies. Usually one of these resonant 
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frequencies will be more pronounced than the 
others, with the less prominant ones being 
termed SPURIOUS frequencies. 

The resonant frequency of quartz crystals is 
practically unaffected by changes in the load. 
Like most other materials, however, quartz 
expands slightly withanincrease intemperature. 
This affects the resonant frequency of the cry- 
stal. The TEMPERATURE COEFFICIENT of 
the crystal refers tothe increase or decrease in 
the resonant frequency, usually expressed in 
ppm (parts per million) or cycles per megacycle 
for an increase in temperature of 1! °c. The 
temperature coefficient varies widely with dif- 
ferent crystal cuts. The X- and Y-cuts have 
relatively high temperature coefficients at nor- 
mal operating temperatures, with the coefficient 
of the X-cut being negative (frequency decreases 
as temperature increases) and the coefficient of 
the Y-cut being positive (frequency increases as 
temperature increases). The AT- and BT-cuts 
have relatively low temperature coefficients at 
normal operating temperatures, while the GT- 
cut has practicallya zero coefficientover avery 
wide temperature range. The temperature 
coefficient also depends on the surrounding 
temperature at which it is measured. 

Heating of the crystal can be caused by ex- 
ternal conditions such as the high temperature 
of transmitter tubes and other components. 
Heating also can be caused by excessive RF 
currents flowing through the crystal. The slow 
shift of the resonant frequency resulting from 
crystal heating is called FREQUENCY DRIFT. 
This is avoided by use of crystals with nearly 
zero temperature coefficient, andalso by main- 
taining the crystal at a constant temperature. 
To maintain the extremely close frequency 
tolerances required, the general practice is to 
construct the entire oscillator assemblyin such 
a manner as to provide for nearly constant tem- 
peratures. This helps to avoid frequency drift 
resulting from contraction and expansion of 
circuit elements. The tube voltages are kept 
as constant as possible by suitable voltage-reg- 
ulator circuits. In addition, the quartz crystal 
is operated inaconstant-temperature oven. This 
oven is heatedelectrically and is held at constant 
temperature by special thermostats. The ther- 
mostats determine accurately any temperature 
variation andcause more orless current to flow 
through a heater element. The entire assembly 
usually is constructed of an aluminum shell in- 
closed by thick layers of insulating material to 
insulate the assembly. For extreme stability, 
the entire compartment canbe placed inside still 
another temperature-controlled box. In this 
way, frequency stabilities as high as 1 part in 
10, 000, 000 or better can be attained. 

Crystals become practical circuit elements 
when they are associated with a crystal holder 





Figure 49-8 - Crystal holder. 


as shown in Figure 49-8. Ina holder the cry- 
stal is placed between two metallic electrodes 
and forms a capacitor, the crystal itself being 
the dielectric. The crystal holder is arranged 
to add as little damping of the vibrations as 
possible, and yet it should hold the crystal 
rigidly in position. This is accomplished in 
various ways. In some holders, the crystal 
plate is clamped firmly between the metal elec- 
trodes; otherholders permit an air gap between 
the crystal plate andone orbothelectrodes. The 
size of the air gap, the pressure on the crystal, 
and the sizeof the contact platesaffect the oper- 
ating frequency to some degree. The use of a 
holder with an adjustable air gap permits slight 
adjustments of frequency to be made. For the 
control of appreciable amounts of power, how- 
ever, a holder which clamps the plate firmly 
is usually preferred. 

At its resonant frequency, a crystal behaves 
like a tuned circuit so far as the electrical 
circuits associated with it are concerned. The 
crystal and its holder (shown in Figure 49-9A) 
can be replaced, therefore, by an equivalent 
circuit (as shown in part B of Figure 49-9). 
Here, C,, represents the capacitance of the 
mounting, with the crystal in 4 between the 
electrodes but not vibrating. is the effective 
series Capacitance rae by the air gap 
when the contact plates do not touch the crystal. 
The series combination, L, Rand C, represents 
the electrical equivalent of the vibrational 
characteristics of the quartz plate. The induct- 
ance, L, is the electrical equivalent of the cry- 
stal mass effective in the vibration. Cis the 
electrical equivalent of the mechanical com- 
pliance (elasticity). R represents the electrical 
equivalent of the mechanical friction during 
vibration. The capacitance of the holder, C,, 
is about 100 times as great as the vibrational 
capacitance, C, of the crystal itself. 

The presence of both series and parallel 
resonant frequencies is revealed by the crystal 
resonance curve, in part Cof Figure 49-9. This 
curve is very sharp, and extremely high Q's 
are easily attainable. It is found in practice 
that the L ratio of the equivalent circuit is ex- 
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Figure 49-9 - Equivalent circuit of crystal and mounting. 


tremely large compared with that of a convention- 
al tank circuit. 

The circuit ofa commonly usedcrystal oscil- 
lator, Figure 49-10, is seen tobe the equivalent 
of the tuned-plate tuned gridoscillator, but with 
the crystal replacing the grid tank circuit. Feed- 
back is obtained through the grid-to-plate ca- 
pacitance, Cg . The choke, RFC, keeps RF out 
of the yrid-leak r 
The crystaland holder capacitances serveinthe 
place of the grid leak capacitor. The crystal 
functions in the same manner as the grid tank 
circuit of the TPTG oscillator. It stores energy 
in mechanical form during one-half of the ex- 
citation voltage cycle, and releases it in elec- 
trical form during the second half of the cycle. 
The rate of storage and release of energy de- 
pends on the natural resonant frequency of the 
crystal and so determines the frequency of os- 
cillation generated by the circuit. The losses 
in the crystal are overcome by the energy fed 
back through Cgp- The coupling between the 
tube and the crystal is determined primarily by 
the ratio C/C,, (B of Figure 49-9), which was 





Figure 49-10 - Typical crystal oscillator. 


esistor, which provides the bias. 


seen to be very small. This small coupling, 
which is much less than in the TPTGoscillator, 
further improves frequency stability. As in the 
TPTG oscillator, the plate-tank circuit must 
be inductive, so that a negative resistance 
appears in the grid input circuit in parallel with 
the crystal to overcome the losses. 

The resonance curve of the crystal (C of 
Figure 49-9) shownis obtained by tuning the plate 
circuit from a frequency below crystal reson- 
ance to one above crystal resonance. As the 
frequency is increased, series resonance of the 
crystal (mechanical resonance) is reached first, 
as indicated by the high crystal current peak 
in the resonance curve. The impedance is a 
minimum, and hence the current is a maxi- 
mum for series resonance. In spite of the 
large current, oscillations cannot start be- 
cause of improper phase relations. When the 
frequency of the plate tank is increased slightly 
above this value, parallel resonance of the cry- 
stal is reached: thatis, the inductive reactance 
of the crystal proper equals the capacitive re- 
actance of the crystal holder capacitance. This 
isindicated by the sharp dropof thecrystal cur- 
rent in the resonance curve, and consequent 
high crystal impedance. Oscillations still can- 
not take place, however, since the plate tank is 
resistive at resonance. Another slight increase 
in plate tank frequency makes the plate circuit 
inductive, as required, and oscillations com- 
mence. Since this frequency is above crystal 
resonance, the equivalent crystalcircuit is also 
slightly inductive. This inductive reactance is 
canceled out by the effective grid input capac- 
itance, so that the entire grid circuit (crystal) 
plus tube input capacitance) is in parallel res- 
onance. Maximum power output of the oscilla- 
tor occurs at this frequency. If the frequency 
of the plate tank is increased still further, the 
plate tank impedance drops and less energy is 
fed back. Also, the increasing ef- 
fective capacitance across the cry- 
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stal shunts the crystal and robs it of excitation. 
Under these conditions, oscillation stops. The 
presence of oscillations can be detected by a 
sharp drop in plate current as the frequency of 
the plate tank is raised. 

Since the crystal will oscillate only at its 
resonant frequency, the frequency of oscillation 
remains constant at that value over a wide range 
of adjustment of tuning capacitor C. The power 
output changes substantially, however, when C 
is varied. Nevertheless, because of the shunting 
effect of the effective input capacitance in para- 
llel with the crystal, the frequency of oscilla- 
tions candepart slightly from the crystal reson- 
ance frequency for appreciable detuning of the 
plate tankwithout stopping the oscillations. For 
example, an increase of 2 percent in the tuning 
capacitance of the tank can reduce the frequency 
of oscillations by about 20 cycles per megacycle. 
Changes in plate voltage, filament voltage, and 
replacementof tubesalso have very slight effects 
on the frequency of oscillation. 

The outstanding characteristic of the cry- 
stal is the extreme sharpness of its resonance 
curve because of avery high effective Q. Be- 
cause of this characteristic, the crystal will 
oscillate only over a very narrow frequency 
range, and, consequently, the frequency sta- 
bility of a crystal oscillator is extremely high. 
These characteristics are utilized in military 
communications equipment where close fre- 
quency tolerances are required. Crystal oscil- 
lators are used not only in fixing the frequency 
of transmitters, butalso asfrequency standards 
for measurement purposes. If a low-frequency 
crystal is used ina circuit whose output is not 
tuned, a large numberof harmonics are created. 
Therefore, a great number of calibration fre- 
quencies can be obtained with a single quartz 
crystal. <A crystal-controlled oscillator is a 
fixed-frequency oscillator. A disadvantage is 
that a different crystal must be used for each 
desired frequency (or multiples of that fre- 
quency). In many applications, it is required 
to change the frequency of the transmitter rap- 
idly and continuously. For these applications 
the ordinary variable-frequency oscillator is 
preferred, since it may be operated at any fre- 
quency within a band at the turn of a dial. An- 
other limitation of the crystal oscillator is its 
relatively low power output. The power obtain- 
able from a crystal oscillator is limited at low 
frequencies by the strains which the vibrations 
set upin the crystal structure. If the vibrations 
are too intense, they will crack the crystal. 
At highfrequencies, the available power is limit- 
ed by heating of the crystal. Theheating is pro- 
duced by thelarge RF crystal current necessary 
to obtain the excitation for substantial power 
output. Crystal heating short of the danger point 
results in frequency drift, thus lowering fre- 
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quency stability. Excessive RF current can 
fracture the crystal. Operating a crystal up to 
its limits, 50 to 100 watts output may be obtained 
from a crystal oscillator circuit. It usually is 
preferred, however, to operate the crystal with 
alight load, andobtainthe required output power 
through amplification in succeeding stages of 
the transmitter. In general, the crystal oscil- 
lator is considered as a frequency-generating 
device, with power output of secondary im- 
portance. 


Q4. Why is a grid leak capacitor unnecessary 
in a crystal controlled oscillator? 


49-4. Buffer Amplifier 


As mentioned previously, a buffer amplifier 
is placed between the oscillator and the power 
amplifier to isolate the oscillator from the load 
thus improving the frequency stability of the 
oscillator. If the frequency of the plate tank 
circuit of the buffer amplifier is the same as 
that of the oscillator driving it, the stage is a 
conventional type of amplifier, usually class C. 

Mostof thetransmitters operating inthe UHF 
band are crystal controlled. However, crystals 
having a fundamental frequency in the UHF band 
are not practical because of physical restric- 
tions, such as the difficulty in grinding crystals, 
and their extreme fragility. Therefore, the 
transmitter usually employs a low-frequency 
oscillator followed by a number of frequency 
multipliers. The number of multipliers used 
is dependent upon the frequency desired. Of 
course, the multiplier stages must be accurately 
tuned to the correct harmonic frequency. In 
this arrangement, the crystalislarger andmore 
substantial than it would be if it were operated 
at the higher frequencies. 

If the plate tank of the buffer amplifier is 
tuned to the second harmonic (in order to in- 
crease the frequency of the radiated signal) of 
the driving signal applied to the grid, the stage 
becomes a frequency doubler and the output 
voltage has a frequency equal to twice that of 
the input. Likewise, the buffer amplifier may 
become a tripler or a quadrupler. 

A frequency-doubler stage is shown in Figure 
49-11. The plate tank is tuned to twice the 
frequency of the grid tank. If L) is equal to 10 
microhenrys and Cy is equal to 25. 3 picofarads, 
the resonant frequency of the grid tank may be 
found by the use of equation (11-16). 
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A4. In the crystal controlled oscillator, the 
crystal holder acts as a capacitor in con- 
junction with the grid resistor to develop 
grid leak bias. 





Figure 49-11 - Frequency doubler. 


If the plate tank coil has an inductance of 10 
microhenrys and the resonant frequency of the 
plate tank is 20 Mc, the plate tank capacitance, 
Co, will be 6. 25 picofarad. 

The capacitance of Cz may be verified by 


rearranging equation (11-16) and inserting 
values. 
| 
{. = 11-16 
©” f° LO 
expanding: 
f= x 


2° hr . #Le 
simplifying by the reciprocal of 2m: 


rp = 8.329 
" Wie 
solving for C: 


co 2 ie. 199)" 


‘7 L 





from which 
‘ (0. 159)2 
~ (20 x 10©)2 x 10 x 10-6 


C = 6. 25 pf 


The plate voltage, grid voltage, and plate 
current waveforms are shown in Figure 49-12. 
The dotted lines indicate operation as a class C 
amplifier without frequency multiplication, and 
the solidcurves indicate operation as a frequency 
doubler. 

When the plate tank is tuned to the frequency 
of the driving Signal, it appears asa high im- 
pedance to the signal and a large portion of the 
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B+ voltage is dropped across the tank; this re- 
sults ina low plate current. As the plate dis- 
sipation in heat is a function of plate voltage and 
plate current, the heat dissipated by the plate is 


a relatively small amount. 
However, when the plate tank is tuned to a 


harmonic of the driving signal, it appears asa 
low impedance to the signal and a relatively 
small portion of the B+ voltageis droppedacross 
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Figure 49-12 - Frequency doubler waveforms. 


the tank circuit; this results ina highplate volt- 
age and a high plate current during the time the 
grid is above cut-off. Thus, a large amount of 
power is dissipated by the plate as heat. 

The higher the harmonic, the lower the im- 
pedance and the more power loss as heat. 

The plate dissipation loss is kept within the 
rating of the triode by increasing the operating 
bias, thus reducing the length of time that plate 


current flows, | 
In every case it is necessary to increase the 


ope rating bias and the grid driving signal as the 
frequency multiplication increases in order not 
to overheat the triode plate. The flywheel effect 
in the plate tank supplies the missing cycles of 
grid drive and the output is approximately an un- 
damped wave having sine waveform. 

Three important conditions must prevail in 
order to obtain frequency multiplication; high 
grid bias, tunable plate tank, and high grid- 
driving voltage. If the second harmonicis selec- 
ted, the stage is called a frequency doubler; if 
the third is selected, it is called a frequency 
tripler, and so forth. 

Certain amplifier circuits are suited to the 
generation of even harmonics and others to the 
generation of odd harmonics. Push-pull ampli- 
fiers produce only odd harmonics multiplication— 
third, fifth, seventh, and so forth. If the grids 
of twotriodes are connected inpush-pull and the 
plates in parallelas shownin Figure 49-13, even 
order harmonics may be produced. 

The gridsignals are 180° out of phase. When 
one grid voltage is maximum positive, the other 
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Figure 49-13 - Even-order harmonic frequency 
multiplier. 

is maximum negative, and the second alter- 
nation of the cycle reverses the respective po- 
tentials. Thus pulsating plate current flows first 
in one tube and then inthe other. Because the 
plates are connected in parallel, the output 
pulses are in the same direction and the plate 
tank circuit receives two pulses for each input 
on the grids. This type of doubler is capable of 
greater output and higher plate efficiency than 
the single-tube type. 


Q5. Why is it necessary to increase bias when 
increasing frequency multiplication? 


49-5. Power Amplifier 


UHF is normally low power transmission. 
For that reason it is not necessary to use a 
high-power capacity tube in the output. In some 
cases, the final-power output tube is also used 
as a multiplier tube. Figure 49-14 shows a 
UHF power amplifier which serves as both push- 
pull output tube and frequency tripler. Two 
beam power tubes are used in the push-pull, 
plate-and-screen modulated final power ampli- 
fier and frequency tripler circuit. The grid 
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tank circuit of this amplifier 18 composed o 
Ly1¢ L117) ©178A,» and C179. The tank cir- 
cuit is provided additional values of capacitance 
and inductance by stray inductance, stray ca- 
pacitance, and the input capacitance of the tubes. 
Capacitor C)7g,a 1s a split-stator capacitor and 
is ganged tuned with the four sections of C45 
and with C17gB. Capacitor C}79 is also a split 
stator capacitor and is used for alignment ad- 
justments. The input signal is applied through 
a coaxial cable and the low impedance link, L) 5. 

The plate tank circuit 18 composed of a 
parallel transmission line inductance and two 
ganged paraliel split capacitors. This plate 
tank assembly is designated as Z)q2 and is 
actually a TUNED LINE (to be discussed shortly). 
A movable shorting bar across one half of the 
plate tank inductor is used to obtain the proper 
tuning range. The plate circuit is tuned to the 
third harmonic of the input signal, covering the 
range of 225 to 400 Mc. The modulated output 
of this stage is fed to the antenna relay and 
antenna system through a filter network. 

Plate voltage is applied tothe poweramplifier 
tubes (V;}7 and Vj};Q) through the secondary 
winding of the modulation transformer, and the 
RF filter composed of Lj))8, C)72, €C)77, and 
C182. Screen-grid voltage is applied to the 
screen through the secondary winding of the 
modulation transformer. Capacitor C)75 is a 
feed-through bypass capacitor which helps keep 
the screen lead at RF ground potential. 

The output filter prevents undesired fre- 
quencies developed in the frequency multiplier 
from reaching the antenna and being radiated. 
The filter provides a satisfactory load impedance 
in the operating band of 225 to 400 Mc, but at 
spurious frequencies its impedance is low and 
the undesired signals are bypassed to ground. 
The output filteris tuned through the output fre- 
quency band by two split-stator capacitors, 
Ci78B and C178C: Capacitor C178B is gang 
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Figure 49-14 - Push-pull tripler. 


be 


A5. To prevent overheating the triode plate. 


tuned with the previous stages and C)7g¢ is 
used as a trimmer. Power input to the filter 
and antenna is through pickup link L))q, a rec- 
tangular loop inductively coupled to tank as- 
sembly 2192 of the power amplifier. Induc- 
tance L120 is the tank inductance in the output 
filter. 

The output metering circuit is used to de- 
termine the output power. 

In the circuit of Figure 49-14, a tuned line 
was used to replace the tank circuit in the fre- 
quency multiplier. The use of a tuned line is 
conventional in UHF systems. In fact, there 
are a number of oscillators which use the tuned 
line. The reason for this is that the inductive 
and capacitive elements would become too small 
(due to the high operating frequencies) to be 
practical. In addition, the skin effectinthe coils 
introduces ac resistance which reduces the Q 
of the oscillator. To avoid these defects, the 
tuned circuit for UHF oscillators usually con- 
sist of a quarter wavelength transmission line 
called a tuned line. A segment of trans- 
mission line one-quarter wavelength long and 
shorted at the receiving end has the character- 
istics of a parallel resonant circuit. This 
action can be analyzed by referring to the 
quarter-wave shorted transmission line segment 
shown in Figure 49-15A. At the shorted end, 
the current will be maximum and the voltage will 
be minimum. The maximum current condition 





Figure 49-15 - Shorted quarter-wave tuned line. 
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is characteristic of a series resonant circuit. 
Part Bof Figure 49-15, shows the equivalent 
circuit conditions of the quarter-wavelength line 
at various points between the shorted end and 
the source. At the shortedend part B shows the 
line tobe equal toa series resonant circuit. One- 
eighth wavelength back toward the source, at the 
point where the current and voltage waveforms 
cross, the circuit will appear inductive. This 
is shown in the equivalent circuit by the induc- 
tance connected across the line. The circuit 
will appear inductivein varying degrees between 
the source and the shorted end. At the source, 
the current will be minimum and the voltage 
will be maximum—a condition characteristic 
of a parallel resonant circuit. Since the parallel 
resonant circuit is the first element that the 
source sees, it may be said that the shorted 
quarter wave line will act like a parallel reson- 
ant circuit as far as the source is concerned. 
The tuned lines (mentioned previously as a re- 
placement for aUHF tank circuit) are adjustable 
to facilitate a change in their operating fre- 
quency. This adjustment is made by means of 
a shorting bar, shown in Figure 49-16. The 
function of the shorting bar is to change the 





Figure 49-16 - Tuned line with shorting bar. 


physical length of the line. This will, of course, 
change the wavelengthof the line and thereby the 
frequency at which the line displays parallel re- 
sonant characteristics to the source. There- 





Figure 49-17 - Loop Coupling. 
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tore, assuming the tube to be the source, con- 
necting tuned lines between plate and cathode 
and grid and cathode and adjusting the shorting 
bars for the proper frequencies will cause the 
tube to ''see'' resonant tanks in its plate and 
grid circuits. 

Coupling from the plate circuit tuned line 
may be accomplished by various methods. One 
of the most popular methods is called LOOP 
coupling. Loop coupling is shown in Figure 
49-17. The loop is merely a conductor placed 
in position with the tuned line so that mutual 
inductance exists between the two. 


Q6. Why is it practical to replace the conven- 
tional tank circuit with a tuned line at UHF fre- 
quencies? 


RF AMPLIFIERS 


At UHF frequencies conventional electron 
tubes possess disadvantages that decrease their 
efficiency of operation considerably, in many 
cases rendering them unusablein certain appli- 
cations. These disadvantages fall into certain 
categories, such as: limitations imposed by 
the physical structure of the tube, limitations 
imposed by radio-frequency losses, limitations 
imposed by TRANSIT TIME, and the limitation 
imposed by the production of noise. It is the 
purpose of the following sections to discuss the 
cause, and in some cases the curve, of these 
limitations in UHF amplifiers. 


49-6. Limitations Imposed by Tube Structure 

At ultra-high frequencies the electron tube 
must be viewed as an ac circuit element con- 
sisting of interelectrode capacitances and in- 
ductances which are inherent in the structure 
of the tube. When the electron tube is used in 
an application where the grid or plate circuits 
contain resonant circuits, the resultant action 
of the interelectrode capacitancesis to increase 
the tank capacitance. At lower operating fre- 
quencies where the tank capacitanceis relatively 
large, this effect is negligible. However, as 
the operating frequency is raised into the UHF 
range, the interelectrode capacitances become 
a proportionately greater part of the tank ca- 
pacitance. Therefore, changes in tube capaci- 
tance (due to heating, Miller effect, loading, 
aging, etc.) will effect the tuned circuits res- 
onant frequency. 

Another limitation of the conventional tube 
at UHF frequencies is the inductance of the 
elements themselves and their lead wires. At 
low operating frequencies it is commonpractice 
to assume thata straight piece of wire exhibits 
practically zero dc and ac resistance. 


For example: a straight piece of wire 0. 04 
inch in diameter and 4 inches long, possesses 
an inductance of approximately 0. 1 microhenry. 
When used at an ordinary broadcast frequency 
of 1 Mc, this wire will exhibit a inductive re- 
actance of; 


érfL 


XL 
Xy, = 6.28x 1x 10x 0.1 x 1076 
Xz; = 0. 628 ohms 
This amount of reactance is negligible. How- 
ever, this same piece of wire used ina circuit 
at a UHF frequency of 300 Mc possesses an in- 


ductive reactance of: 


Xz, 


ond 1; 


X1, = 6. 28 x 300 x 10° x 0.1 x 107° 


188. 4 ohms 


il 


Xp, 


This amount of reactance will exhibit consider- 
able choking effect. In addition, the inductance 
of the cathode lead is common to the grid and 
plate circuits, so that it provides degenerative 
feedback. 

Low interelectrode capacitance can be attained 
either by reducing the electrode sizeor by 
spreading the electrodes farther apart. How- 
ever, unless abnormally high voltages can be 
used, spreading the electrodes will have the 
undesiredeffect of increasing the electrontran- 
sit time. If all the linear dimensions of an 
electron tube are reduced, lead inductance and 
transit time will be REDUCED. However, re- 
duction of the physical size of the tube reduces 
its power-handling ability, since only small 
areas are present for dissipating heat. 

In addition to the reduction that results from 
decreasing the physical size of the tube, the 
lead inductances may be further decreased by 
making the leads of large diameter rods and of 
the shortest length that will providea safe insul- 
ating distance between the anode and other tube 
terminals. Thus the leads in most ultra-high 
frequency tubes are brought out straight through 
the tube envelope, and no conventional tube base 
is used. 


Q7. Would the interelectrode capacitances of a 
conventional electrontube exhibit lower or high- 
er reactances if used in a UHF circuit? 


49-7. Limitations Imposed by RF Losses 

As the frequencies of an oscillator is raised 
the RF circuit losses increase. These losses 
are due to many factors, among which is the 
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Ao. The size of the tank circuit components at 
UHF frequencies are physically imprac- 
tical. 


A7. Lower. X, decreases as frequency in- 
creases. 


increase of skin effect. Skin effect forces cur- 
rent to flow in a thin layer on the surface of the 
conductor. The higher the frequency, the thin- 
ner will be the layer in which the current flows. 
The I*R losses that take place in a given con- 
ductor must increase, then, as the frequency 
increases, since the area in which current can 
flow is less, making the resistance greater. 
Skin effect is reduced by using conductors of 
large diameter so that the current can flow 
througha reasonably large cross-sectionalarea 
even though the depth of penetration is small. 
Thus, using large leads for ultra-high-frequency 
tubes reduces not only the lead inductance but 
also the lead resistance. As a means of further 
reducing skin effect, conductors are often plated 
with a low-resistivity metal such as silver. In 
cases where corrosion could convert the sur- 
face of the conductorto ahigh-resistivity oxide, 
the conductor is plated with gold which does not 
corrode and which has excellent conductivity. 

Because the reactance of interelectrode ca- 
pacitance and distributed capacitance becomes 
small for UHF frequencies, the magnitude of 
the charging current for these capacitances be- 
come large. Such currents contribute nothing 
to the power output, but in flowing through the 
resistance of the circuit they do produce losses. 
Because of skin effect, these currents follow 
the surface of the metal electrodes. In some 
cases this may cause excessive localized heat- 
ing at the junctions of the electrodes and the 
glass envelope, which may result in cracked 
seals and failure of the tube. 

In oscillators for ultra-high-frequency use, 
not only must the tube losses be kept very low, 
but the losses in the associated circuits must 
also be kept as low as possible. Forthis reason, 
the tuned circuits associated with ultra-high- 
frequency oscillators are usually resonant sec- 
tions of transmission line rather than coil and 
capacitor combinations. 

The Q of a quarter-wave short-circuited 
section of line can be made much higher than 
that of a conventional tank circuit because it is 
feasible to make a tuned line of conductors of 
larger diameter than is possible with the con- 
ventional inductor, making the skin effect less. 
In addition to their low losses, tuned trans- 
mission lines are used as circuit elements in 
ultra-high-frequency oscillators because the tube 
leads may act as extensions of the transmission 
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line. Thus the interelectrode capacitances and 
lead inductances are incorporated as part of 
the tuned circuit. 


49-8. Limitations Imposed by Transit Time 


At low radio frequencies transit time is 
negligible, since it occupies only acomparitively 
small portion of anoscillatory period. But as 
the frequency of operation becomes higher, tran- 
sit time occupies an appreciable portion of this 
period and produces undesirable effects in tube 
operation. 

In low-frequency operation it is usually taken 
for granted that electrons leaving the cathode 
reach the plate instantaneously. Although noth- 
ing in nature happens instantaneously, no harm 
is done by this assumption, so long as the actual 
time of flight of electrons between the cathode 
and plate is negligible compared to the duration 
of one cycle. For example, transit time of 
one-thousandath of a microsecond (1079 second), 
which is not unusual,is only one-thousandth 
of a cycle at a frequency of 1 Mc. However, 
the same transit time becomes one-tenth ora 
greater part of a cycle if the frequency is 100 
Mc or higher. 

It has been found experimentally that with 
the total transit time less than one-tenth of a 
cycle the tube operates satisfactorily. At 
transit times longer than one-tenth cycle the 
efficiency drops considerably. When the transit 
time approaches a quarter of a cycle at the 
oscillating frequency the tube usually does not 
oscillate at all. This decrease in output is 
caused, in part, by the shift in phase between 
the plate currentand the gridvoltage and the de- 
crease of the effective resistance between grid 
and cathode, which results from the relatively 
long transit time. 

The effect of transit time is of special con- 
cern in connection with the input impedance of 
the tube. Part of the current that flows in the 
grid circuit is the current which charges the 
grid-to-plate capacitance, Cgp The voltage 
that produces this current is the vector sum of 
the input voltage (grid-to-cathode) and the out- 
put voltage (plate-to-cathode). At lower fre- 
quencies witha resistive load, these two voltages 
are 180° out of phase and add algebraically to 
determine the charging current. This current 
is 90° out of phase with the input voltage. How- 
ever, at higher frequencies, where transit time 
is an important factor, the plate current begins 
to lag the input voltage. This is caused by the fact 
that it takes an appreciable part of a cycle for 
the electrons to travel from cathode to plate, 
the current which is arriving at the plate at any 
instant is different from the current leaving the 
cathode at that same instant. Assuming that a 
given number ofelectrons start toward the plate 
at the same instant, they will not arrive at the 
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plate until a short time later. During this 
period of time the phase of the input voltage will 
have changed. Since theelectrons whichactually 
Strike the plate make up the plate current, it 
can be seen that the plate current will lag the 
input voltage and the current emitted from the 
cathode. Asa result of this lag the power out- 
put decreases and the plate dissipationincreases. 
A further result of this lag will bea consumption 
of power in the input circuit due to an induced 
grid current. This induced grid current is 
caused in the following manner. 

When anelectron, which isanegative charge, 
approaches an electrode, it induces a positive 
chargeontheelectrode. Asthe electron approa- 
ches, the positive charge flowsto the electrode; 
as the electron recedes, the positive charge 
flows away from the electrode. Thus, the 
electrons that form the plate current ina vacuum 
cause electrostatically induced currents in the 
grid as they move past it. Ina low-frequency 
oscillator in which the grid is negative and the 
transit time is negligible, the number of elect- 
trons approaching the grid is always the sameas 
the number of electrons going away from the 
grid. The current induced on one side of the 
grid by the approaching electrons is equal to 
that induced on the other side by the receding 
electrons. Since these currents are in opposite 
directions, the combined effect is zero. 

However, when the transit time of the oscil- 
latorisan appreciable part of a cycle, the num- 
ber of electrons approaching the grid is not 
equal at all times to the number going away. 
Asa result, the electrostatically induced cur- 
rents do not cancel. Thus, grid current can 
flow inan ultra-high-frequency oscillator EVEN 
WHEN THE GRID IS NEGATIVE RELATIVE TO 
THE CATHODE. This current consists of a 
movement of positive charges back and forth in 
the grid structure. The effect of this current 
is toproduce in the grid itself a loss which may 
be considered asa loss that takes place in an 
imaginary input resistor connected between grid 
and cathode. The resistance of this imaginary 
resistor decreases rapidly as the frequency 
rises. At ultra high frequencies this resistance 
may become so low that the grid is practically 
short-circuited to the cathode, preventing 
proper excitation of the tube. This additional 
ultra-high-frequency grid loss raises its tem- 
perature, which may become another limitation 
on the frequency at which a tube may generate 
oscillations. 

Transit time may be decreased by reducing 
the Spacing betweenelectrodes, or by increasing 
the electrode voltages. Since insulation con- 
siderations prevent raising voltages greatly in 
many applications, tubes of special design are 
usually employed in applications where transit 
time effects may become serious. 
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Q8. What part of a period would a transit time 
of one-thousandth of a microsecond (1 x 10-9) 
be at an operating frequency of 400 Mc? 


49-9. Limitations Imposed by Noise 


There are several sources of noise in the 
UHF RF amplifier circuit. Noise is not only 
generated by the amplifier tube, but also with- 
in the conductors which form the circuit. This 
latter noise source is due to thermal agitation 
of electrons within the conductor. This type of 
noiseis also referred toas RESISTANCE NOISE, 
CIRCUIT NOISE, or THERMAL NOISE. This 
noise is penerated by fluctuations in circuit 
current caused by imperfections in the crystal 
lattice structure of the conductors. 

Tube noise is a result of irregularities in 
electron flow through the tube. Since there are 
several sourcesof noise, they will be discussed 
individually. 

SHOT EFFECT: is a source of noise within 
a tube and is due toan irregularity in plate cur- 
rent, caused by variations in emission of elect- 
rons from the cathode. The cathode of an 
electron tube is coated with anemitting material. 
lt is possible that the coating may not be spread 
uniformally over the surface of the cathode. It 
is also possible for impurities to be mixed in 
with the emitting substance. Both of these con- 
ditions will produce variations in the rate of 
emission of electrons from the material, thus 
generating noise. The noise generated by shot 
effect is greatly reduced by the presence of a 
space charge, which acts in such a manner as 
to absorb any instantaneous variations in emis- 
sion. 

PARTITION NOISE: occurs because of chance 
variations in the divisionof current between two 
or more positive electrodes. For example, 
partition noise is found in triodes when the con- 
trol grid is positive and current divides between 
grid and plate. Although the grid current will 
only beasmall portion of the total tube current, 
at any one instant there will be more or less 
grid current flow, thereby, causing a variation 
in the division of current between electrodes. 
Use of multigrid tubes causes an increase in 
partition noise because there are more elements 
for the current to divide between. 

INDUCED GRID NOISE: isproduced asa re- 
sult of variations in the electronstream passing 
adjacentto the grid(as explainedin section 49-8). 
The noise is produced by the movement of charges 
in the grid structure as electrons approach and 
then recede from the grid. This type of noise 
will occur in every tube except the diode. 

GAS NOISE:is generated by the random rate 
of productionof ions due to collision. This type 
of noise is minimized by theuse of high vacuum 
tubes. 
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SECONDARY EMISSION NOISE: isa resultof 
the bombardment of the plate by high velocity 
electrons. Electrons knocked loose from the 
plate by this bombardment are called secondary 
emission electrons. When these electrons re- 
turn to the plate they cause secondary emission 
noise. 

FLICKER EFFECT: is caused by a _ ltow- 
frequency variationin emission that occurs with 
oxide-coated emitters. 

Shot effect noise, partitionnoise, and induced 
grid noise are the most common and the most 
troublesome. It should be noted that all of these 
noises are caused by variations in electron 
flow. 

To minimize the effects of transit time and 
noise generation, special tubes are used. It 
was mentioned that one of the effects of transit 
time is a high value of grid loss. These special 
tubes will also minimize this loss. The re- 
quirements of these types of tubesareas follows: 
they must have a short transit time, the in- 
ductance of the connecting leads and the capaci- 
tance between the tube electrodes must be very 
smali. The area of the electrodes must also be 
small to decrease the interelectrode capacitance. 
The spacing of the electrodes is close, this 
decreases the transit time of the tube. A rela- 
tively high voltage applied to the electrodes 
also helps minimize the transit time. The in- 
ductance of the connecting leads is reduced by 
the use of short leads of large diameter, or by 
the use of multiple leads. 

Because of the electrode spacing, if a great 
deal of power output is expected; a high plate 
loss should be anticipated. There are several 
tubes that have the characteristics just mention- 
ed. Two of these are the acorn tube and the 
lighthouse tube, shown in Figure 49-18. 

The acorn tube received its unusual name 
because of its acorn like shape. It is char- 
acterized by the use of short leads which come 
directly throughthe tube envelopeinstead of the 
base ofthe tube. The purpose of this arrangement 
is to minimize lead length. Figure 49-18 
shows a triode and a pentode acorn tube. The 
lighthouse tube features a system designed to 
place the electrodes as close to each other as 
possible. This tube is particularly suited for 
use with cavity resonators or with coaxial 
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Figure 49-18 - Low-transit-time tubes. 


resonators. This feature is embodied in the 
structure because of the closely spaced cylind- 
rical constructionof the device. This cylindrical 
structure permits the handling of greater 
amounts of power. 

The signal-to-noise ratio of a receiver is 
primarily determined inthe first stage. There- 
fore, when an RF amplifier is used it must 
possess a very high signal-to-noise ratio. To 
imporve the signal-to-noise ratio a special type 
of circuit is sometimes employed. This circuit 
is called a GROUNDED GRID AMPLIFIER. 
Normally, with the gain requirement expected 
from a first stage, it might be expected thata 
pentode would be used. However, due to the 
noise limitations discussed previously a pen- 
tode is not normally used. The grounded grid 
amplifier employs a triode tube. 

The basic grounded grid amplifier is shown 
in Figure 49-19A. It isa grounded grid because, 
due toefficient bypassing of the grid bias supply, 
the gridis at ac ground potential. 

The input for the circuit is shown in the 
cathode circuit. The equivalent circuit for the 
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Figure 49-19 - Grounded grid amplifier. 


grounded grid amplifier is shown in Figure 
49-19B. It shows the input signal in series with 
the outputof the tube for this reason, the ampli- 
fiedoutput Ey; is the same as though the grid were 
excited by the input signal. The amplification 
factorfor that reason is(p + 1)insteadof simply 

Because the signal source is in series with 
the plate circuit it also supplies a portion of the 
energy dissipated in the plate circuit. One other 
characteristic of this type of amplifier is the 
relatively low input resistance. Using one 
generator the equivalent circuit appears as 
shown in Figure 49-19C. One advantage of 
this type of circuit arrangement is that neu- 
tralization is not necessary. The reason for 
this is that the grounded grid acts like a shield. 
As a result, the energy transfer between ca- 
thode and ground and plate to ground circuits 
(through the tube capacitances) is avoided. Due 
to the grounding of the grid the internally gener- 
ated noise of this circuit will be reduced, since 
there will be a minimum grid induction effect. 


Q9. What is induced grid noise? 
OSCILLA TOR 
49-10. UHF Transceiver Oscillator 


Operation ofan oscillator at UHF frequencies 
has been discussed at great length in previous 


sections of this chapter. Therefore, onlya brief 
discussion of the oscillator in relation to the 
UHF transceiver will be presented here. 

The oscillator used in the UHF transceiving 
must be highly stable in frequency. For this 
reason a crystal oscillator or a crystal CON- 
TROLLED oscillator is used. The word con- 
trolled is emphasized because in some cases 
the crystal is not used as the resonant tank cir- 
cuit, but rather as an additional device to 
accurately control the oscillations of a conven- 
tional LC tank. This control is accomplished, 
in most cases, by inserting the crystal in the 
feedback path and utilizing its series resonant 
characteristics. Thus, only energy at the exact 
series resonant frequency of the crystal will 
supply regenerative feedback to the oscillator 
circuit and strict control of the operating fre- 
quency can be maintained. Most transceivers 
have several crystals which may be inserted 
into the circuit by switching action, thereby 
changing the frequency of the oscillator circuit. 


MIXER 


49-11. UHF Transceiver Mixer 


The function of the mixer in the receiver 


section of a transceiver is the same as for any 
other receiver. In other words, the mixer 
provides aheterodyning action between a modu- 
lated RF signal and aconstant amplitude oscil- 
lator signal, in order toproduce a modulated IF 
signal. 

It is desirable to have a relatively low value 
of IF frequency. In order to convert the in- 
coming UHF signal (300 Mc for instance) to an 
IF frequency of 455 kc in one step, would re- 
quire that the local oscillator have virtually 
perfect frequency stability. Otherwise, the 
slightest drift in the oscillator would shift the 
JF frequency a considerable amount. For this 
reason UHF transceivers usually convert from 
the incoming signal to the final IF frequency in 
two or more steps. This is termed DOUBLE 
CONVERSION, TRIPLE CONVERSION, etc. 
Double conversion is shown by use of the block 
diagram in Figure 49-20. The output of the 
RF amplifier, along with the signal from the 





Figure 49-20 - Biock diagram of double 
conversion. 
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AY. It is the result of electron movement in 
the grid structure, caused by cathode 
emitted electrons approaching, passing, 
and receding from the grid. 


first local oscillator, is fed to the first mixer. 
The first local oscillator is made variable in 
order to provide tracking between the oscillator 
and the input signal. The output of the first 
mixer is a modulated IF frequency, which is 
then used as the RF input to the second mixer. 
Heterodyning of this signal with that of the second 
local oscillator will produce a lower IF fre- 
quency signal, which in this case is the final IF 
frequency. If a lower final IF frequency were 
desired, a third conversion system would be 
added merely by adding a third mixer and local 
oscillator. Notice that the second oscillator 
operates at a fixed frequency, as would any 
additional local oscillators. It is not necessary 
for any but the first oscillator to be variable 
Since the output of the first mixer is a constant 
frequency. 


49-12. IF Amplifier 


Itwas previously mentioned that the IF ampli- 
fiers were responsible for the receiver gain 
and bandwidth. The IF amplifier is a high-gain 
circuit commonly employing pentode tubes. This 
amplifier is tuned to the frequency difference 
between the local oscillator and input fre- 
quencies. IF amplifiers may be composed of 
one or more stages of amplification depending 
on the amount of gain required. Figure 49-21 
shows an IF amplifier stage. 

Cathode bias is established by means of R) 
and C}. Automatic volume control (avc) is 
applied to the grid of the tube through the 
secondary of the input IF transformer. In the 
IF stage, of a UHF receiver, the inductances 





Figure 49-2] - IF amplifier stage. 
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(transformers, chokes, etc. )are resonated with 
the distributed and interelectrode capacitances. 


49-13. Detector 

Most superheterodyne receivers employ a 
diode as the detector. This type of detector is 
practical because of the high gain as well as 
the high selectivity of the IF stages. The diode 
detector has good linearity andcan handle large 
Signals without overloading. For reasons of 
space and economy, the diode detector and first 
audio amplifier are often included in the same 
envelope in modern superheterodyne receivers. 

A simple diode detector is shown in Figure 
49-22. The rectified voltage appears acrossR), 
which also serves as the volume-control po- 
tentiometer. Capacitor C, bypasses the RF 
component to ground, and C3 couples the output 
of the detector to the firstaudio amplifier stage. 
The tuned circuit LC, is the secondary of the 
last IF transformer. 

The time constant of R,C2 is long compared 
to the time for one IF cycle but short compared 
to the time for one AF cycle. In order to in- 
crease the high frequency response of the diode 
detector the time constant or R] C2 is reduced. 


TO 1ST AUDIO 
AMPLIFIER 





Figure 49-22 - Diode detector. 


Diode load filter capacitor C> cannot dis- 
charge rapidly enough to follow modulation 
frequencies higher than10, 000 cps(inthis case), 
and clipping results with all higher audio fre- 
quencies. 


49-14. Audio Amplifier 


The output from the detector stageis an audio 
frequency of avery low level. To increase the 
level of the audio, the output of the detector is 
then sent to an audio amplifier. The audio 
amplifier used in this receiver is similar to 
any audio amplifier. It should amplify equally 
all those frequencies in the audio range. Mili- 
tary receivers, however, are not interested in 
high fidelity. Excellent communications can be 
accomplished even though the response of the 
audio amplifiers used in military equipment 
seldom extends over a wide range of audio fre- 
quencies. 
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The output from the audio amplifier is then 
sent toa reproducer. The reproducer in voice 
communications may be either earphones or a 
loudspeaker. In either case, the function of the 
reproducing device is to convert the electrical 
signal variations into mechanical or audible 
variations. The speakers or phones used to 
accomplish this function are conventional. 


49-15. Antenna Relay 


The antennas chosen for use with the UHF 
transceiver are those which can handle a wide 
range of frequencies with almost complete ab- 
sence of reflected waves in either the antenna 
or the associated transmission line. These 
antennas may be directional or non-directional 
as the application may dictate. In most Naval 
applications, aomni-directional antenna would be 
preferred for shipboard uses because it is not 
likely that one station will know the exact lo- 
cation of the other station. One of the types of 
antennas which will satisfy this requirement is 
the simple dipole antenna. 

The function of the UHF antenna is to radiate 
or receive electromagnetic energy. The an- 
tennas chosen for UHF transceivers have the 
ability to transmit as well as receive. The de- 
vice that permits one antenna tobe used for both 
transmitting and receiving is called the antenna 
relay. The antenna relay transfers the same 
antenna from the receiver to the transmitter 
when the current through its exciting coil is 
started or stopped. The component parts ofa 
relay are a coil wound on aniron core and an 
armature that operates a set of contacts. A 
simple relay and electrical connections to the 
transceiver are shown in Figure 49-23. 

Closing the mike button allows current to 
flow through the coil energizing the electro- 
magnet and drawing the armature downward, 
thereby, transfering the antenna from the re- 
ceiver to the transmitter. The contacts through 
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Figure 49-23 - Simple relay circuit. 


which the RF current flows are usually made of 
special low resistance material. More contacts 
can be added to the armature so that other func- 
tions may be accomplished at the same time. 

Upon releasing the mike button, the magnetic 
field about the relay coil collapses and the 
armature is returned to the receiver position 
by a mechanical spring arrangement. This 
spring arrangement and multiple contacts are 
illustrated in Figure 49-24. 
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Figure 49-24 - Common type of relay. 


Antenna relay coils may be designed to oper- 
ate on either ac or dc. AC relays must be made 
rather heavy to prevent chatter and vibrations 
caused by the alternations of the magnetic field. 


20 Chapter 49 - UHF TRANSCEIVER 
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ts 


Describe the difference between the sur- 
face wave and the sky wave. 

Is it possible to receive a UHF signal even 
though the transmitting antenna can not be 
seenfrom the receiving antenna? Explain. 
Why are the tank circuits of a TPTG oscil- 
lator tuned to operate below their natural 
resonant frequency? 

Explain why the value of capacitance for 
C in the TPTG oscillator should be rel- 
atively small. 

Briefly explain the procedure for tuning a 
TPTG oscillator. 

Explain the term piezoelectric effect. 
What is the primary result of non-uniform 
thickness in a crystal? 

Which crystal cut exhibits the most de- 
sirable temperature coefficient for fre- 
quency stability? 

Explain why the high effective Q of the 
crystal aids in determining the accuracy 
of oscillations. 

Why is afrequency multiplier necessary in 
a UHF receiver or transmitter? 

Describe the operation of a _ push-pull 
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tripler. 

What is a tuned line? Describe how a tuned 
line will exhibit different characteristics 
at various distances from the source. 
Describea methodof varying the character- 
istics (tuning) of a tuned line. 

List and explain the two main limitations 
imposed by tube structure on the operation 
of a conventional electron tube at UHF fre- 
quencies. 

Explain why the Q of a tuned line can be 
made much higher than a conventional LC 
tank at UHF frequencies. 

What is transit time? How does it affect 
the operation of an amplifier? 
Describe the different types 
generated in vacuum tubes. 
Describe the operation and advantages of 
the grounded-grid amplifier. 

What is the difference between a crystal 
oscillator and a crystal controlled oscil- 
lator? 

What is double conversion? Why is itused? 
What is its advantages? 
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CHAPTER 50 


PRINCIPLES OF RADAR 


ELEMENTS OF RADAR 


The word RADAR is formed as an abbrevia- 
tion for RAdio Detection And Ranging. RADAR 
isan electronic devicethat may be used todetect 
the presence of objects such as airplanes or 
ships even in darkness, fog, or storm, In addi- 
tion to indicating their presence, radar may be 
used to determine their bearing and distance, 
In special types, elevation and speed may also 
be indicated. It is one of the greatest scientific 
developments that has emerged from World War 
Il. Its development, like that of most great in- 
ventions, was mothered by necessity—that of 
detecting the enemy before he detected us. The 
basic principles on which its functioning depends 
are relatively simple, and the seemingly com- 
plicated series of electrical events encountered 
in radar can be resolved into logical series of 
functions, which, taken individually, may be 
identified and understood. 


PRINCIPLES OF OPERATION 


The principle upon which radar operates is 
very similar to the principles of sound echoes 
or wave reflection. 


50-1. Sound Wave Reflection 


If a person shouts in the direction of a cliff, 
or some other sound-reflecting surface, he 
hears his shout "return" from the direction of 
the cliff. What actually takes place is that the 
sound waves, generated by the shout, travel 
through the airuntil they strikethe cliff. There 
they are reflected or ''bounced off,'' and some 
are returned to the originating spot, where the 
person is then ableto hear the echo. Some time 
elapses between the instant the sound originates 
and the time when the echo is heard because 
sound waves travel through air at approximate - 
ly 1100 feet per second. The farther the person 
is from the cliff, the longer this time interval 
will be. Ifa person is 2200 feet from the cliff 
when he shouts, about 4 seconds elapses before 
he hears the echo—that is, 2 seconds for the 
sound waves to reach the cliff and 2 seconds for 
them to return. 

If a directional device is built to transmit 


él 


and receive sound, the principles of echo to- 
gether with a knowledge of the velocity of sound 
canbe used to determine the direction, distance, 
and height of the cliff shown in Figure 50-1. A 
sound transmitter, which can generate pulses 
of sound energy, can be so placed at the focus 
of the reflectorthat it radiatesa beam of sound. 
The sound receiver can bea highly directional 
microphone located inside a reflector (at its 
focal point, and facing the reflector) toincrease 
the directional effect. The microphone is con- 
nected through an amplifier to a loudspeaker. 

Then, to determine the distance and direc- 
tion of the cliff the transmitting and receiving 
apparatus are placed so that the line of travel 
of the transmitted sound beam and the received 
echo will very nearly coincide. They would co- 
incide exactly if the same reflector could be 
used for both transmitting and receiving, as is 
done in radar systems. The apparatus (both the 
transmitter and receiver) is rotated until the 
maximum volume of echo is obtained. The hori- 
zontal distance to the cliffcan then be computed 
by multiplying one-half of the elapsed time in 
seconds by the velocity of sound. This will be 
essentially the distance along the line RA (Fig- 
ure 50-1,A). Ifthe receiverhas acircular scale 
that is marked off in degrees, and if it has been 
properly orientated with a compass, the direc- 
tion or azimuth of the cliff can be found. Thus, 
if the angle indicated on the scale is 45%, the 
cliff is northeast from the receiver position. 

To determine height (Figure 50-1,B), the 
transmitter and receiver antennas are tilted from 
the horizontal position (shown by dotted lines) 
while still pointing in the same direction. At 
first the echo is still heard, but the elapsed time 
is increased slightly. As the angle of elevation 
is increased, an angle is found where the echo 
disappears. This is the angleat whichthe sound 
1s passing over the top of the cliff and is there- 
fore not reflected back to the receiver. The 
angle at which the echo just disappears is such 
that the apparatus is pointing along line RB. If 
the receiver is equipped with a scale that per- 
mits a determination of the angle of elevation, 
the height of the cliff, AB, can be calculated 
from this angle and either the distance RA or 
RB, by the use of one ofthe basic trigonometric 
ratios. 


Figure 50-1] - Determination of direction and 
height. 


Ql. In reference to Figure 50-1B, if the angle 
of elevation is 31°, and distance RA is 40 feet, 
what is the approximate height of the cliff? 


50-2. Radio-Wave Reflection 

All radar sets workon a principle very much 
like that described for sound waves. In radar 
sets, however, a radio wave of extremely high 
frequency is used instead of a sound wave, The 
energy sent out bya radar station (Figure 50-2) 
is similar to that sent out by an ordinary radio 
transmitter. 

The radar station has one outstanding charac- 
teristic different froma radio in thatit picks up 
its own signals. It transmits a short pulse and 
receives its echoes, thentranmits another pulse 
and receives those echoes. This out-and-back 
cycle is repeated 60 to 4000 times per’ second, 
depending onthe design of the set. If the out- 
going wave is sent into clear space, no energy 
is reflected backto the receiver. The wave, and 
the energy that it carries, simply travels out 
into space and is lost for all practical purposes. 

If, however, the wave strikes an object such 
as an airplane (Figure 50-2), aship, a building, 
ora hill, some of the energy is sent back as a 
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reflected wave. If the object 1s large compared 
to a quarter-wavelength of the transmitted 
energy, a strong echo (but only a fraction of the 
transmitted energy) is returned to the antenna. 
If the object is small, the reflected energy is 
small and the echo is weak, 

Radio waves travel at the speed of light, 
approximately 186,000 land miles per second or 
162,000 nautical miles per second. A physical 
concept of this speed may be gained by con- 
sidering the circumference of the earth as 
approximately 21,770 nautical miles. A radio 
wave could encircle the earth in approximately 
134, 400 ps (microseconds), or in slightly less 
than one-seventh of a second. Fifteen trips 
around the earth would be accomplished in 
slightly more than 2 seconds. This amounts to 
2,000,000 ps. Consider that the moon is about 
206, 000 nautical miles (240, 000 land miles) from 
the surface of the earth. Radar signals have 
been directed toward the moon and their echoes 
were returned. The elapsed time was approxi- 
mately 2 1/2 seconds. 

Most of the radio waves of the uhf and shf 
bands are only slightly affected by the earth's 
atmosphereandtravelinstraightlines. Accord- 
ingly, there will be an extremely short time in- 
terval between the sending of the pulse and the 
reception of its echo. It is possible, however, 
to measure the intervalof elapsed time between 
the transmitted and received pulse with great 
accuracy—even toone ten-millionth of a second 
(1 x 107? seconds). The forming, timing, and 
presentation of these pulses are accomplished 
by a number of special circuits and devices. 

The directional antennas employed by radar 
equipment transmit and receive the energy ina 
fairly sharplydefined beam. Therefore, whena 
signal is picked up, the antenna can be rotated 
until the received signal is maximum. The 
direction of the target is then determined by the 
position of the antenna. 

The echoes received by the radar receiver 
appear as marks of light on an oscilloscope 
(called ''scope'' for short). This scope may be 
marked with a scaleof miles (or yards), or 
degrees, or both. Hence, from the position of 
a signal echo on the scope, anobserver can tell 
the range and bearing of the corresponding tar- 
get. 


50-3. Historical Developm ent 


One of the first observations of" radio echoes" 
was made in the United States in 1922 by Dr. A, 
H. Taylor at the Naval Research Laboratory. 
Dr. Taylor observedthata ship passing between 
a radio transmitterand receiver reflected some 
of the waves back toward the transmitter. Be- 
tween 1922 and 1930 further tests proved the 
military value of this principle for thedetection 
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PE RMANENT ECHOES: 





Figure 50-2 - Transmission and reflection of radar pulses. 


of objects that would normally be hidden by 
smoke, fog, or darkness. During this same 
period Dr. Breit and Dr. Tuve of the Carnegie 
Institute published reports on the reflection of 
pulse transmissions from electrified layers in 
upper atmosphere. This led to the application 
of the principle to the detection of aircraft. 
Other countries carried on further experiments 
independently and withutmost secrecy. By 1936, 
the United States Army was engaged in the devel- 
opment of a radar warning system for coastal 
frontiers. By the end of 1940 the British had 
developed radar to sucha point that they were 
able to bring down great numbers of enemy air- 
planes with guns being accurately controlled by 
radar systems. Beginning in 1941, British- 
American cooperation in the development of 
radar gave the Allies the best radar equipment 
in the world. 

Along with the development of radar came the 
development of effective countermeasures, Since 
1941 preatadvances have beenmade in radar and 
in countermeasures in the various research and 
development centers throughout the country. 


Q2. What basic factors would determine the 
strength of a returned radar echo? 


RADAR DETECTING METHODS 


50-4. Continuous-Wave Method 

The continuous-wave (CW) method of detect- 
ing a target makes use of the Doppler effect. 
The frequency of a radar echo is changed when 


the object which reflects the echo is moving to- 
ward or awayfrom the radar transmitter, This 
change in frequency is known as the DOPPLER 
EFFECT. A similar effectat audible frequencies 
is recognized readily when the sound from the 
whistle of an approaching train appears (to the 
ear) to increase in pitch. The opposite effect 
(a decrease in pitch) occurs when the train is 
moving away from the listener. The radar appli- 
cation of this effect permits a measurement of 
the difference in frequency between the trans- 
mitted and reflected energy and thus a deter- 
mination of both the presence and speed of the 
moving target. This method works well with 
fast-moving targets, but not well with thosethat 
are slow or stationary. CW systems arethere- 
fore limited in present usuage. 


50-5. Frequency-M odulation Method 


In the frequency-modulation (FM) method 
the transmitted energy is varied continuously 
and periodically over a specified band of fre- 
quencies. The instantaneous frequency of the 
energy being radiated by the antenna theretore 
differs from the instantaneous frequency being 
received by the antenna. 

The frequency difference depends on the dis- 
tance traveled and can be used as a measure of 
range. Moving targets producea frequency shift 
in the returned signal because of the Doppler 
effect, however, and this affects the accuracy 
of range measurements. This method, there- 
fore, works better with stationary or slow- 
moving targets than with fast-moving ones. 
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get, and distance of target. 


50-6. Pulse-Modulation Method 

In the pulse modulationmethod the RF energy 
is transmitted in short pulses in which the time 
duration may vary from 0.1 to 50 ps. If the 
transmitter is turned off before the reflected 
energy returns from thetarget the receiver can 
distinguish betweenthe transmitted pulse and the 
reflected pulse. After all reflections have re- 
turned, the transmitter can be turned on again 
and the process repeated. The receiver output 
is applied toan indicator that measures thetime 
interval between the transmission of the energy 
and its return as a reflection. Because the 
energy travels ata constant velocity, one-half 
the time interval betweenthe outgoing pulse and 
its echo becomes a measure of the distance 
traveled bythe pulse to the target, or the range. 
Because this method does not depend on the 
relative frequencies of the emitted and returned 
signals or on the motion of the target, difficul- 
ties experiencedin the CW and FM methods are 
not present. The pulse-modulation method is 
used almost completely in military applications. 
Therefore, it will be the only method discussed 
in this text. 


Q3. What three factors, using pulse-modulation, 
must be known to determine the position of an 
object in space? 


USES OF RADAR 


Naval scientists pioneered in finding prac- 
tical uses for radar. Those uses were made 
chiefly for detecting and destroying an enemy and 
his armaments; this is still the most important 
naval use today. Civilian uses followed those 
made formilitary purposes. Forexample, some 
familiar civilianuses are (1) radar speed deter- 
mination on highways for controlling traffic, 
(2) radar weather prediction, (3) commercial 
radar air navigation, and (4) safeguarding air 
vehicles and merchant ships from collisionhaz- 
ards. 

Since no single radar appliance can yield 
all of the information required of naval ship- 
board systems, several classes, or types, have 
been designed. Each of these types, or cate- 
gories, has its limitations and capabilities within 
the purpose for which built. Naval shipboard 
radar equipments are grouped in three general 


categories: search, fire-control, and special. 

Search radars are of two categories: air 
search and surface search. These equipments 
are used for early warning networks and for 
general navigational purposes. Search radars 
produce detection at maximum ranges while 
sacrificing some degree of accuracy and reso- 
lution (detail). 

Fire-control radars, integral parts of certain 
gunfire control systems, are used after targets 
have been located by search radars. 

Special radars are used for specific pur- 
poses, which include recognition, or identifica- 
tion of friend or foe (IFF), ground-controlled 
and carrier-controlled approach(GCA and CCA, 
respectively), range rate or speed, and height 
finding. 


50-7. Search Radar 


Search radars used for early warning nets 


do not require great precision in ranging or 
bearing, but do require the abilityto locate tar- 
gets at fairly long ranges. Therefore, they are 
normally designed with high power, wide beam 
angle, and fairly long pulse widths. Their tar- 
get resolution (ability to accurately determine 
bearing and range) is not as good as that of 
radars used for another purpose such as fire 
control. 

Each type of radar equipment has been de- 
signed for definite purposes. An air search 
radar performs inadequately for surface search 
and vice versa. Each of thesetypes may be used 
in an emergency as fire control radar, but can- 
not be expected to furnish bearings, ranges and 
positionangles withthe same degreeof accuracy 
as radar designed for that purpose. 


50-8. Air Search Radar 


Primary function of an air search radar is 


the detection and determination of ranges and 
bearings of aircrafttargets at long ranges main- 
taining complete 360% surveillance from the sur- 
face to high altitudes. System constants must 
be chosen with this function in mind. Relatively 
low radar frequencies are chosen (P or L band 
300-1000 mc) topermit long- range transmissions 
with minimum attenuation. Wide pulse widths 
(2 to 4 ys) and high peak power are used to aid 
in detecting small targets at great distances. 
Low pulse repetition rates are selected to per- 
mit greater maximum measurable range. Wide 
vertical beam width is used to ensure detection 
of targets fromthe surfaceto relatively high al- 
titudes, and tocompensate for the pitch and roll 
of the ship. Medium horizontal beam width is 
employed to permit fairly accurate bearing re- 
solution while maintaining 360° search coverage. 
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50-9. Surface Search Radar 

The primary functionof surface search radar 
is the detection and determination of accurate 
range and bearing of surface targets while main- 
taining 360° surveillance for all surface targets 
within line-of-sight distance of the radar antenna. 

Since the maximum range requirement ota 
surface search radar is primarily limited by the 
radar horizon, very high frequencies (X band) 
are employed to permit maximum reflection from 
small target-reflecting areas, such as_ ship 
mast-head structures and submarine periscopes. 
Narrow pulse widths (0. 37 to 2 1s) are used to 
permit a highdegreeof range resolution at short 
ranges, and to achieve greater range accuracy. 
High-pulse repetition rates (600 to 1000) are 
used topermit maximum illumination of targets. 
Medium peak powers can be used to permit de- 
tection of small targets at line-of-sight dis- 
tances. Wide vertical beam widths (10° to 30°) 
permit compensation for pitch and roll of own 
ship and to detect low-flying aircraft. Narrow 
horizontal beam widths (1° to 3°) permit accurate 
bearing determination and good bearing reso- 
lution, 


50-10. Fire Control Radar 

The primary function of fire control radar is 
the acquisition of targets originally detected and 
designated from search radars, and the deter- 
mination of extremely accurate ranges, bearings, 
and positionangles of targets within firing range. 
The antennas can be stabilized to compensate 
for pitch and roll of own ship. Very high fre- 
quencies are chosen to permit the formation of 
narrow beam widths with comparatively small 
antenna arrays, detection of targets with small 
reflecting areas, and high detail of all targets. 
Very narrow pulse widths provide a high degree 
of rangeaccuracy, at short range, and excellent 
range detail. Very high repetition rates afford 
maximum target illumination while using very 
narrow pulse widths. Since long ranges are not 
required, low peak power permits the use of 
smaller components by keeping the average 
power low. Narrow, vertical, and horizontal 
beam widths provide accurate bearing and 
position angles and a high degree of bearing and 
elevation resolution. 


50-11. Airborne Radar 

Radar equipments foraircraft areofthe same 
general types as for land or shipboard except 
that they are physically much smaller. Both 
search and fire control radars are successfully 
used in aircraft. While radar is a powerful aid 
to aircraft, the aircraft in turn increases the 
range of radar by supplying it with an elevated 
platform from which its effective range in de- 
tecting objects is greatly extended because the 
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line-of-sight distance is increased toward a 
farther horizon. 

Radar information picked up ina plane may 
be relayed by radiotransmittertoanother distant 
location on board ship or elsewhere, thereby 
effectively increasing the range. 


50-12. Auxiliary Equipment 


Some means of distinguishing a friendly target 
from an enemy target is necessary. An elec- 
tronic system for "identification, friend or foe'' 
(IFF system) is used for this purpose. This 
auxiliary equipment provides an accurate and 
rapid means of determining the friendly or enemy 
character of objects detected by radar. 

The IFF system equipment consists of two 
groups containing two units in each group. Two 
units (transmitter-receiver) are located with the 
radar. Theothertwo(receiver-transmitter) are 
located in friendly craft. The transmitter- 
receiver group is referred to as the RECOG- 
NITION SET (also INTERROGATOR) and the 
receiver-transmitter group is called the IDEN- 
TIFICATION SET (also TRANSPONDER) 


When a radar operator observes an uniden- 
tified target onhis radar, he setsthe first group 
(the INTERROGATOR) in operation. The in- 
terrogator transmitter is a pulse-type trans- 
mitter, which emits coded challenging pulses. 
The transpondor's receiver receives these 
pulses, which trigger (automatically) a coded 
reply knownonly by the friendly operators. The 
transpondor's transmitter releases this coded 
reply, which is received by the interrogator's 
receiver and placed on an indicator for evalua- 
tion. The indicator may be either anintegral sec- 
tion within the radar scope or aseparate scope. 


50-13. Information Produced by Radar 


Radar increases the effectiveness of naval 
craft by adding new powers and capabilities to 
the human senses. It is unhampered by the 
ordinary obstacles to unaided vision such as 
darkness, fog, haze, and smoke. Radar reveals 
the presence and location of certain kinds of 
objects situated far beyong the range of normal 
vision, indicating their distance and bearing 
directly and with a high degree of accuracy. 
Radar pierces the surrounding darkness or over- 
cast and reveals aircraft, ships, land areas, 
cities, cloud, and hazards to navigation. 


Q4. Why would low 
chosen? 


radar frequencies be 


Q5. How does an IFF system differ from a 
search radar? 
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A3. The range, azimuth and elevation. 


A4. To permit long-range transmissions with 
minimum attenuation. 


A5. ThelFF system relies onaproperly trans- 
mitted signal and not an echo. 





TYPES OF PRESENTATION 


To furnish usuable information, a radar set 
must produce some type of visual presentation 
of the target echo so as to suggest amental image 
of the target totheobserver. Cathode-ray tubes 
are used for this purpose. The scope images 
contain data of measurable quantities, including 
range, time, height, speed, and azimuth. Sev- 
eral types of data presentation have been devel- 
oped to give the required information. 

A radar beam systematically reveals what 
it SCANS (scrutinizes or examines in great de- 
tail). The results of each scan are revealed 
(presented) as a picture or presentation on the 
scope. About 15 types of scans have been de- 
signed, but naval requirements can be met by 
use of only a few of them as can be seen in 
Figure 50-3. Each type of scan is identified by 
a letter of the alphabet. 


50-14. Type -A Scan 


Type-A presentation is used to determine 
range. The screen of this scope has a short 
persistence. The echo causes a vertical dis- 
placement of the spot, the amplitude of which 
depends on the strength of the returned signal 
pulse. The point onthe horizontal base line at 
which the vertical displacement occurs indicates 
the range. Type-A presentation is shown in 
Figure 50-3,A. 


50-15. Type-B Scan 
The type-B presentation (Figure 50-3, B) in- 


dicates both range and azimuth angle (bearing). 
The vertical displacement of the echo signal in- 
dicates range, and the horizontal displacement 
of the echo signal indicates azimuth angle. This 
scope has long persistence. 


50-16. Type-PPI Scan 

The PPI (Plan Position Indicator) presen- 
tation is another type of scan for presenting 
range and bearing (azimuth) information. See 
Figure 50-3,C. You can think of the PPI scan 
as amodified type-B scan, in which rectangular 
coordinates are replaced by polar coordinates. 

The antenna is rotated uniformly about the 
vertical axis so that searching is accomplished 
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Figure 50-3 - Types ot scans. 


in ahorizontal plane. The radar beam is usually 
narrow inazimuthand broad in elevation. Large 
numbers of pulses are transmitted for each ro- 
tation of the antenna. As each pulse is trans- 
mitted, the spot starts from the center of the 
indicator and moves toward the edge along a 
radial line. Upon reaching the edge of the scope, 
the spot quickly jumps back to the center and 
begins another trace as soon as the next pulse 
is transmitted. As the antenna rotates, the 
path of the spot also rotates around the center 
of the scope so that the angle of the radia! line 
on which the spot appears indicates the azimuth 
of the antenna beam, and distance (out from the 
center of the scope) indicates the range. 

When anecho is received, the intensity of the 
spot is increased considerably, and a brighter 
spot remains at that point on the screen, even 
after the scanning spot has passed it. Thus, it 
is possible with this scan to produce a map of 
the territory surrounding the observing station 
on the scope. This type of scan is useful when 
the radar set is used as an aid to navigation. 

In type-A presentation the echo Signal causes 
vertical deflectionof the trace—in other words, 
it is DEFLECTION MODULATED. In type-B 
and type-PPI! presentationthe echo signal makes 
the trace brighter. This action is called IN- 
TENSITY MODULATION. 


50-17. Type-E Scan (RHI). 

The RHI (Range Height Indicator) presentation 
is another type of scan for presenting range and 
height information. The RHIscan is also known 
as thetype-E scan shownin Figure 50-3,D. The 
type-E scan is a modificationof the type-B scan 
on which an echo appears as a bright spot with 
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the range indicated by the horizontal coordinate 
and the elevation(height)as the vertical coordi- 
nate. This type is used (1) in directing planes 
‘in blind landing, (2) for ground-controlled 
approach, (3) for carrier-controlled approach, 
and (4) in determining altitude. This scan is 
also used in the Mk 56 gunfire control system 
(GFCS), which employs the Mk 35 radar. There 
the presentation is specified as the E (delta E) 
scan, which means that the elevation changes 
are presented. 


Q6. Of the various type scans, what is the 
difference between intensity modulation and de- 
flection modulation? 


Q7. Whichof the various type scans employ the 
horizontal axis to indicate range information? 


Q8. Which of the various type scans shows the 
elevation of a target? 


RANGE AND BEARING 


50-18. Range Determination 


The successful employment of pulse-modu- 
lated radar systems depends primarily on the 
ability to measure distance interms of time and 
knowledge of the velocity of light. Radio-fre- 
quency energy, once it has been radiated into 
space, continues to travel with a constant veloc- 
ity. When it strikes a reflecting object there 
i8 no loss in time, but merely a redirecting of 
the energy. Its velocity is that of light, or, in 
terms of distance traveled per unit of time, 
186, 000 landmiles per second, 162,000 nautical 
miles per second, or 328 yards per microsecond. 
This means that it takes approximately 6.1 ps 
for radio energy to travel | nautical mile, or 
approximately 6080 feet (2027 yards). All radar 
ranging is based on aflat figure of 6080 feet per 
mile and, because the speed of light (and radio 
waves) is so great, microseconds (ps) are used 
for all time determination. 

This constant velocity of radio-frequency 
energy is applied in radar to determine range 
by measuring the time required for a pulse to 
travel to a target and return. The time lapse 
between the transmitted pulse and the echo re- 
turn may be readily determined with the aid of 
the oscilloscope. For the purpose of illustrating 
how this may be done, assume that a target ship 
is 20 nautical miles away fromthe radar trans- 
mitter-receiver combination. Because radio 
energy travels 1 nautical mile in 6. 18 micro- 
seconds, 123.6 microseconds will be required 
for the transmitted pulse to reach the target, 
or a total of 247. 2 microseconds before the echo 
will return to the radar receiver. 

The horizontal sweep frequency of the scope 


ll 
is adjusted sothat it makes one complete sweep 
(from left to right) during the time the trans- 
mitted pulse is going to the target (maximum 
range) AND THE ECHO IS RETURNING TO THE 
RECEIVER. In other words, the time of one 
sweep is 247.2 microseconds, and the frequency 
is therefore approximately 4045 cps. Assume 
thatatranslucent scale withuniform divisions in 
miles from 0 to 20 is placed over the face of the 
scope; and assume further that the extent of the 
sweep extends from the 0 mark to the 20-mile 
mark. In this case the maximum range is 20 
miles. 
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Figure 50-4 - Radar range determination. 


Figure 50-4 shows how the range to the target 
is determined. (1) the transmitted pulse is just 
leaving the antenna. A part of the generated 
energy is fed to the vertical deflection plates at 
the instant the pulse istransmitted and causes a 
vertical line (pip) toa ppear at the zero-mile 
mark on the scope. (2) 61.8 microseconds 
later, the transmitted pulse has traveled 10 
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A6é. In deflection modulation, the echo signal 
causes a vertical variation of the trace 
(indicator presentation); in intensity mod- 
ulation the echo signal causes the trace to 
increase in brightness. 


A7. The A and E scans. 


A8,. The E type scan. 


miles toward the target. The horizontal trace 
on the scope, however, has reached only the 
5-mile mark—that is, one-half the distance the 
transmitted pulse has traveled (the sweep fre- 
quency is timed to indicate one-half the distance. 
(3) 123.6 microseconds after the initial pulse 
left the transmitter, the transmitted pulse has 
reached the target, 20 miles away and the echo 
has started back. The scope reading is 10 miles. 
(4) 185.4 microseconds after the initial pulse, 
the echo has returned halfthe distance from the 
target, and the scope reading is 15 miles. (5) 
247.2 microseconds after the initial pulse, the 
echohas returned tothe receiving antenna. This 
relatively small amount of energy is amplified 
and applied to the vertical deflection plates, and 
an echo pip of smaller amplitude than the initial 
pip is displayed on the scope at the 20-mile 
mark. 

If two or more targets are in the path of the 
transmitted pulse each will return a portionof 
the incident energy as echoes. The targets 
farthest away (assuming they are similar insize 
and type of material) will return the weakest 
echo, 

In conjunction withthe scope thereis a hand- 
crank andmechanical counter assembly that en- 
able the operatorto determinethe range with a 
greaterdegreeofaccuracy. Whenatarget is in- 
dicated on the base line the operator turns the 
handcrank to move the range indicator, or gate 
(Figure 50-5), to the target and then reads the 
range, in yards, directly from the counter as- 
sembly. This process is known as ''gating the 
target.'"' 


Q9. What does target gating accomplish? 


50-19. Bea ring Determination. 


The bearing (true or relative) of the target 
may be determined if the direction in which the 
directional antenna is pointing when the target 
is picked up is known. Control and indicator 
systems have been devised that make this pos- 
sible, 

The measurement of the bearing of a target 
as ''seen'' by the radar is usually given as an 
angular position. The angle may be measured 
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GATE (RANGE INDICATOR) IS 
MOVED ALONG BASE LINE BY 
HAND CRANK 





Figure 50-5 - Target gating. 


either from true north (true bearing), or with 
respect to the heading of a vessel or aircraft 
containing the radar set (relative bearing). The 
angle at which the echo signal returns is meas- 
ured by utilizing the directional characteris- 
tics of the radar antenna system. Radar an- 
tennas are constructed of radiating elements, 
reflectors, and directors to produce a single 
narrow beam of energy in one direction. The 
pattern produced in this manner permits the 
beaming of maximum energy in a desired di- 
rection. The transmitting pattern of an antenna 
system is also its receiving pattern. An antenna 
can therefore beusedto transmit energy, to re- 
ceive reflected energy, or to do both. 

The simplest form of antenna for measuring 
azimuth or bearing is one that produces a single- 
lobe pattern. The system is mounted so that it 
can be rotated. Energy is directed across the 
region to be searched, by moving the beam back 
and forth inazimuth untila return signalis pick- 
ed up. The position of the antenna is then ad- 
justed to give maximum return signal. 

Figure 50-6 shows the receiving pattern for 
a typical radar antenna. In this figure, relative 
signal strength is plotted against the angular 
position of the antenna with respect to the tar- 
get. A maximum signal is received only when 
the axis of the lobe passes through the target. 
The sensitivity of this system depends on the 
angular width of the lobe pattern. The operator 
adjust the position of the antenna system for 
maximum received signal. If the signal strength 
changes appreciably when the antenna is rotated 
through a small angle, the accuracy with which 
the on-target position can be selected is great. 
Thus, in Figure 50-6, the relative signal 
strengths A and B have very little difference. If 
the energy 18 concentrated in a more narrow 
beam, the difference is greater andthe accuracy 
better. 


Q10. What is the advantage of a narrow trans- 
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Figure 50-6 - Radar determination of aximuth 
or bearing. 


mitted radigtion signal pattern when determining 
aximuth location of a target? 


50-20. Plan Position Indicator 

The range scopehas certain limitations when 
it is desired to know what is happening instan- 
taneously in all directions because it indicated 
only the targets in the direction in which the 
antenna is instantaneously pointing. 

A master PPI allows the radar operator to 
see the screen imagesof allobjects surrounding 
his craft (within the range limitations of the 
equipments because it displays a graphic plot 
of 360° of antenna rotation and has a screen of 
the necessary persistence to retain the targets 
visible after the antenna has rotated past the 
target bearing. 

The range scope presents the target infor- 
mation on a horizontal base line as shown in 
Figure 50-3,A. The PPI has a radial base line 
Originating at the center of the screen (Figure 
50-3, C) which indicates the physical antenna lo- 
cation, and this line follows the antenna rotation. 

A view of the PPI scope is shown in Figure 
50-7. The bright spots on the screen are images 
of objects (ships, planes, land masses, etc. ) 
in the vicinity of the craft carrying the PPI 
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Figure 50-7 - PPI presentation. 


equipment. Around the outer edge of the scope 
are relative and true bearing circles. Spaced 
evenly across the face of the tube are range 
rings, calibrated in miles. Thus, from the po- 
sition of the images, their approximate range 
and bearing may be determined from the scope. 
A particular object of interest may be singled 
out for more accurate ranging by referring to 
the range scope. 

Another principle difference between the two 
systems(range and PPI)is the method of apply- 
ing the signal to the scope. In the RANGE scope 
the echo signal is amplified and applied to the 
vertical deflection plates in such a way as to 
produce a pip on the horizontal time-base line, 
on the screen. In the PPI SCOPE, the echo sig- 
nal is amplified and applied to the control grid 
or cathode of the scope in such a way that the 
trace is brightened momentarily on the radian 
time-base line. If the intensity of the trace is 
kept sufficiently low, the scope will be essentially 
dark until anecho is received, and then the con- 
trast will be very pronounced. 

The PPI uses electromagnetic deflection in- 
stead of electrostatic deflection. Current flow- 
ing from the sweep generator through a single 
pair of electromagnets mounted across the neck 
of the tube at right angles to the axis of the tube 
causes the electron beam to be swept from the 
center of the tube to one edge and back again to 
the center. 

Inearliertypesof PPIs the deflection electro- 
magnets were mounted so that they can be rotated 
around the neck of the tube. The rotating 
assemblyis synchronized with the antenna rota- 
tion so that when the antenna turns, the sweep 
traceis rotated about the screenatthe same rate. 

Thus, for example, in Figure 50-7 when the 
antenna is pointing in the NE direction the de- 
flection magnets will force the beam across the 
screen from the center to the outer edge in the 
NE direction. The beam will be deflected across 
the screen many times during the course ofa 
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In equipments (alr search) where the antennas do 


A9. Enables the operator to determine the range 
of a target with a greater degree of ac- 
curacy. 


Al0. The more narrow the pattern, the more 
accurately the position of the antenna sys- 
tem may be adjusted for maximum received 
signal strength. 


small angular rotation of the magnets. In this 
area on the screen the echoes from the three 
targets will cause three areas of intensification 
on the screen. 


Ql1. What allows the target echo to remain on 
the scope screen after the sweep has passed it? 


50-21. Altitude Determination 

The remaining dimension necessary to locate 
completely an object in space can be expressed 
either as an angle of elevationor as an altitude. 
If one is known, the other can be calculated 
from one of the basic trigonometric ratios. A 
method of determining the angle of elevation or 
the altitude is shown in Figure 50-8. The slant 
range (Figure 50-8,A) is obtained from the radar 
scope indicationas the range to the target. The 
angle of elevation is that of the radar antenna 
(Figure 50-8,B). The altitude is equal to the 
slant range multiplied by the sine of the angle 
of elevation. 

In radar equipments with antennas that may 
be elevated, altitude determination by slant 
range is automatically computed electronically. 
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Figure 50-8 - Radar determination of altitude. 





not elevate, the altitude may be calculated by 
means of ''fade charts.'"' A method for producing 
the chartand its application aredescribed in the 
Navy training course for RADARMAN 3&2, 
NavPers 10146, 


FUNCTIONAL BLOCK DIAGRAM 


Radar systems now in existence vary greatly 
in detail. They may bevery simple;or, if more 
accurate data are required, they may be highly 
refined. The principles of operation, however, 
are essentially the same for all systems. Thus 
a single basic radarsystem can be visualized in 
which the functional requirements hold equally 
well for all specific equipments. 

In general, the degree of refinement of radar 
circuits increases with the frequency. The 
microwave regionlends itselfto ahigher degree 
of precision in angular measurement, and for 
this reason modern radars operate at super- 
high frequencies. 

The functional breakdown of a pulse-modu- 
lated radar system generally includes six major 
components, as shown in the block diagram of 
Figure 50-9. The components may be sum- 
marized as follows: 


1. The modulator produces the synchronizing 
signals that trigger the transmitter the re- 
quired number of times per second, It also 
triggers the indicator sweep and coordinates 
the other associated circuits. In some sets 
an externaltrigger generator is used to syn- 
chronize all triggered units. 

2. The transmitter generates the RF energy in 
the form of short, powerful pulses. 

3. Theantenna system takes the RF energy from 


ANTENNA 
SYSTEM 


Figure 50-9 - Functional diagram of a funda- 
mental pulse-modulated radar 
system, 
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the transmitter, radiates itina highly direc- 
tional beam, receives any returning echoes, 
and passes these echoes to the receiver, 

4. The receiver amplifies the weak RF pulses 
returned by the target and reproduces them 
as video pulsesto be applied tothe indicator. 

5. The indicator produces a visual indication of 
the echo pulses in a manner that furnishes 
the required information. 

6. The power supply furnishes all ac and dc 
voltages necessary for the operation of the 
system components. 


50-22, Radar Modulator 

The functionof the modulator isto ensure that 
all circuits connected with the radar system 
Operate in a definite time relationship with each 
other and that the interval between pulses is of 
the proper length. In general, there are two 
practical methods of supplying the timing re- 
quirements—timing by means of a separate unit 
and timing within the transmitter. 

A separate timing source may be usedto give 
rigid control of the pulse-repetition-frequency. 
In this case the source consists of any stable 
type of audio oscillator such as the Wienbridge 
oscillator. The output is then applied to the 
necessary pulse-shaping circuits to produce the 
required timing pulse. Figure 50-10 shows in 
block form the functional components associated 
with the timer. These include the oscillator and 
other stages and components thatare necessary 
to generate, shape, and amplify the waveform so 
that 1t may properly trigger the magnetron in 
the transmitter. 

The oscillator generates a steady output ata 
given frequency (usually any frequency between 
625 and 650 cpsand generally less than1000 cps), 
and this output establishes the PRF of the set. 

The sine wave output of theoscillatoris ofthe 
correct frequency butitdoes not have the correct 
shape and its amplitude is insufficient to fire 
the magnetron. Therefore, the signalis changed 
first into a square wave in the over-driven am- 
plifier stage. The square wave is sharpened into 
a peaked wave ina differentiating circuit (a re- 
sistorand capacitor in series withthe input, and 
the output taken acrossthe resistor) and fed via 
a cathode follower to a blocking oscillator. 

The blocking oscillator is triggered at the 
correct frequency by this peaked wave, The 
blocking oscillator generates the type of wave 
shape needed by the magnetron, except that it is 
of insufficient amplitude. 

The output signal generated by the block- 
ing oscillator is fed via a cathode follower 
to the power amplifier (preceded in actual cir- 
cuits by driver amplifiers) where the square- 
wave pulse is amplified sufficiently to drive the 
magnetron. Only the negative portion of the 
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Figure 50-10 - Simplified block diagram ofa 
modulator and transmitter. 


pulse is used to drive the magnetron oscillator, 
and therefore the positive portionof the pulse is 
removed. 

The magnetron goes intooscillationthemo- 
ment it is triggered by the negative-going 
square wave from the power amplifier. The 
frequency ofthe magnetronoscillation may be of 
the order of 6500 megacycles. The width of the 
pulseis determined by the widthof the negative- 
going pulse from the power amplifier and may be 
of theorderof 1 microsecond. During the pulse, 
the power output may be of the order of 125 kw. 


Q12. To what blocks does the timer send a 
trigger? 


Q13. What determines the 
transmitted radar pulse? 


50-23. Radar Transmitter 

Thetransmitteris basically an RFoscillator. 
It may be turned onand off by the negative- going 
pulse from the modulator. The radaroscillator 
(in this instance a magnetron) differsfrom other 
oscillators treated in Chapter 24 in that it pro- 
duces a much higher frequency and has a much 
higher power output. The higher frequency per- 
mits smaller waveguides and antennas tobe used; 
and the higher power permits stronger echoes 
and a greater useful range. 

Because of the superhigh frequencies in a 
radar set, buffers, frequency multipliers, and 
power output tubes following the magnetron 
would have little value in increasing the output 
power, and hence are not used ina radar set. 

The more powerful sets are capable of put- 
ting out | megawatt (1000 kw) of peak power. A 
simplified diagram of a magnetron is shown in 
Figure 50-11,A. The magnetron is essen- 
tially a diode thathas its plate at ground potential 
and its cathode at a high negative potential dur- 
ingthetime itis oscillating. The diodeis placed 
in a powerful magnetic field produced by a per- 
manent magnet. 

Whena negative pulse isappliedtothe cathode 
and thereis no magnetic field present, electrons 
move in straight lines from the cathode to the 
plate, as shown in (1) Figure 50-11,B. When 
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All. The persistency of the phosphorescent 
coating on the CRT screen. 


Alz. The transmitter and the indicator sweep 
circuits. 


Al3. The magnetron. 
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a weak magnetic field (2) is applied, the electron 
paths become curved; and as the magnetic field 
becomes stronger ((2),(3),(4),and (5)), the elec- 
tron paths become so curved that the electrons 
are moving in closed circular orbits that miss 
the plate entirely, and no plate current flows. 
The platein Figure 50-11, C, isacoppercylinder 
the internal surface of which is separated into a 
number of segments by holes inthe cylinder that 
serves as tunedcircuits. Asthe electrons move 
in circles past the plate segments they induce 
currents electrostatically in the walls of the 
holes. The energy of the magnetronoutput pulse 
is contained in the field associated with these 
currents, The frequency depends on the size of 
the cylinder, the strength of the magnetic field, 
and the difference in potential between the cath- 
ode and plate. 


Energy is coupled out of the magnetron by 
means of a loop or probe; it is then transmitted 
to the antenna via a waveguide. 

The tremendous peak power producedin short 
pulses by the magnetron requires high plate-to- 
cathode potential and high cathode emission. 
Because of the relatively long resting time be- 
tween pulses, the problem of cooling is reduced 
and the physical size of the magnetron is not as 
large as would be expected from the peak power 
rating. 


Q14,. In the magnetron, which direction are the 
electrons traveling in relation to the magnetic 
field ? 


50-24. Radar Antennas 

One function of an antenna system is to take 
the energy from the transmitter, radiate that 
energy insome chosenmanner (by using a direc- 
tional system when bearings are desired but by 
using a nondirectional antenna system where a 
bearing indication is not necessary). Another 
function of an antenna system is to pick up the 
returning echo, pass it to the receiver with a 
minimum of losses. 

Some original radar installations contained 
two separate antenna systems: one for trans- 
mitting and one for receiving. The more prac- 
tical radar system uses a single antenna system 
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Figure 50-11 - Simplified diagram of a 
magnetron, 


andanelectronic switch capableof rapidly shift- 
ing the antenna performance from transmit to 
receive functions and vice versa. The switchis 
needed to protect the receiver from damage by 
the potent transmitter energy during the pulse 
time and, also, to keep the transmitter from 
absorbing some (or all) of the very weak echo 
during the receiving time. 

Some applications of radar can use a simple 
nondirectional antenna, for example, the vertical 
dipole. Nondirectional antennas are used in 
navigation aids, as radar beacons (called racon), 
and some forms of IFF equipment. 

That radar system which indicates the bear- 
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ings of targets must have some means of pointing 
its radiated energy in known directions. Prac- 
tically all such radar systems accomplish this 
by constant 360° rotation of a motor-driven 
energy-transfer device such as an antenna, 
wave-guide, reflector or director, or energy 
feedhorn. 

Each antenna type has abilities to couple and 
project electromagnetic energy into space; also 
each has an ability to convert received energy 
into the forms thatactivate receiver equipments. 

Combining the characteristics from several 
antenna types results, obviously, in animproved 
system. Thus, a reflector may be added as 
shown in Figure 50-12, and driven by motor for 
continual 360° rotation, to direct concentrated 
energy toward the horizon. This provides a 


highly-directive antenna system foruse at radar 
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33 
frequencies in vhf region and above. Figure 
50-13 shows two antenna feed units at the focus; 
a dipole antenna for IF F purposes and flared 
feed-horn for search purposes. This dishisa 
section of a parabola. 

Experience showsthat a parabolic dish, when 
properly focused for projecting energy, willalso 
serve at its best for accepting echo energy from 
Space and returning it into the transmission 
system. 

If the parabolic reflector is sufficiently large 
so the distance fromany point within the dish to 
the focal point is several wavelengths, then 
QUASI-OPTICAL conditions will exist and the 
emerging wave is a narrow beam. Sizes of re- 
flectors, which are practicable for microwave 
work, have a diameter of 10 to 20 wavelengths 
to produce a beam width of approximately 5 de- 
grees. 

The quasi-optical theory is mentioned many 
times in describing radar behavior. The word 
quasi means ''similar" or "like.'' When you 
speak of microwaves from a high-frequency 
radar transmitter being quasi-optical waves in 
their behavior, you merely mean that invisible 
radar waves act like visible light waves. 


50-25. Radar Receiver 

When you compare Figure 50-14 with the 
equipment described in Chapter 31], you will 
recognize that the radar receiver is essentially 
a special type of superheterodyne receiver. Its 
functionisto receive the weak echoes from the 


antenna system, combine them inacrystal mixer 


(half-wave crystal rectifier) withthe RF signals 
from a local oscillator, amplify the resultant 
IF signal, detect the pulse envelope, amplify 
the resulting dc pulses, and feed them tothe in- 
At the higher frequencies used inradar, 
it is not possible to use a stage of RF ampli- 


Figure 50-13 - This section of reflector dish is fed from two kinds of energy-transfer 
devices, (A) Energy feedhorn and (B) dipole antenna. 
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Al4, The direction of electron travel is per- 
pendicular to the magnetic field. 





cation ahead of the mixer, and therefore, the 
RF signals are fed directly to the mixer. This 
converter is shown in Figure 50-15. 





Figure 50-14 - Block diagram of a radar 
receiver. 


In order to keep radar receivers in tune with 
their companiontransmitters, a system of auto- 
matic frequency controlis usedin the receivers. 
Briefly, the system functions as follows: A 
small fraction of the RF energy from the trans- 
mitter line is applied to a special automatic- 
frequency-control (afc) mixer along witha small 
fraction of the RF energy from the receiver 
local oscillator. The IF energy resulting from 
the mixing of these twofrequenciesis amplified, 
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Figure 50-15 - Waveguide frequency converter 
which is part of the receiver 
equipment. 


rectified, and applied via control circuits in such 
a way as to tune the local oscillator. If thelF is 
of the correct frequency, the resulting direct 
voltage maintains the local oscillator atthe cor- 
rect oscillator frequency. If the IF 1s too low 
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in frequency the direct voltage applied to the 
local oscillator causes it to shift in frequency 
so that the IF will be increased. If the IF is 
too high, the oscillator frequency is shifted in 
the opposite direction. 

The stability of operation is maintained in 
the microwave range of frequencies by careful 
design; and the overall sensitivity of the re- 
ceiver is greatly increased by the use of many 
IF stages. Special types of tubes having low 
interelectrode capacitances also have been de- 
veloped for usein local-oscillatorand IF stages. 
Re-examine the block diagrams ofa radar re- 
ceiver which is shown in Figure 50-14. Asin 
communications receivers, the IF signals in a 
radar receiver are fed to the second detector 
where the signal is rectified and the IF com- 
ponent is removed. The remaining modulation 
pattern, consisting of dc pulses, is fed toa video 
amplifier. In one type of presentation the output 
of the video amplifier is fed to the vertical de- 
flection plates of an electrostatic-type cathode- 
ray tube. The amplitude of the vertical trace 
formed on the screen is proportional to the 
strength of the received signals. Simultaneously, 
a sawtooth voltage is applied to the horizontal 
deflection plates in synchronism withthe trans- 
mitted pulse. The sawtooth voltage provides a 
horizontal displacement that is proportional to 
range. 

Radar video amplifiers have wide band fre- 
quency response similar to that of television 
video amplifiers. 


50-26. Radar Indicator 

The radar indicator has the important func- 
tion of converting the electrical output from the 
receiver into a visual display of range and bear- 
ing. Since the display is normally presented 
on acathode ray tube, the indicator unit contains 
many of the circuits commonly found in oscillo- 
scopes such as sweep oscillators, deflectionam- 
plifiers,and signal amplifiers (videoamplifiers). 
When range information is to be obtained from 
the presentation, the indicatormustalso include 
the necessary range mark generator Circuitry. 


50-27. Radar Power Supply 


In the functional diagram ofthe radar system 
(Figure 50-9) the power supply is represented 
as a single block. Functionally, this block is 
representative; however, it is unlikely that any 
one power supply could meet all the power re- 
quirements of a radar set. The distribution of 
the physical components of the system may be 
suchastomake it impractical tolumpthe power- 
supply circuits intoa single physical unit. Thus, 
different supplies are needed to meet the vary- 
ing requirements of the system and must be de- 
signed accordingly. The power-supply function 
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is performed, therefore, by various types of 
supplies distributed among the circuit com- 
ponents of the radar equipment. 


RADAR SYSTEM CONSTANTS 


Any radar system has associated withit cer- 
tain specifications such as CARRIER FRE- 
QUENCY, PULSE-REPETITION FREQUENCY 
(the number of pulses sent out per second), 
PULSE WIDTH (in microseconds), and POWER 
RELATION (relationship of peak and average 
power). The choice of these arbitrary constants 
for a particular system is determined by its tac- 
tical use, the accuracy required, the range to 
be covered, the practical physical size, and the 
problem of generating and receiving the signal. 

The travel time of a radar pulse is deter- 
mined by the constant velocity of propagation of 
electromagnetic energy. The actual time re- 
quired fora radar pulse to travel one nautical 
mile, strike a reflecting object, and return is 
12.36 microseconds and the actual distance trav- 
eled is 2x 2027 yards. In practice, the nautical 
mileis considered tobe 2000 yards and the time 
required forthe radar pulseto travel 2000 yards 
is 6.1 microseconds. The definitions of the 
radar mile and the nautical mile, and the time 
required for a pulseto travela defined distance, 
varies from text to text. For calibration pur- 
poses the radar mile will be considered 2000 
yards and the round trip distance propagation 
time 12.2 microseconds. 


50-28. Carrier Frequency 


The carrier frequency is the frequency at 
whichthe RF energy is generated. The principal 
factors influencing the selection of the carrier 
frequency are the desired directivity and the 
generationand reception ofthe necessary micro- 
wave RF energy. 

For the determination of direction and for 
the concentration of the transmitted energy so 
that agreater portionof it is useful, the antenna 
should be highly directive. The higher the car- 
rier frequency, the shorter the wavelength will 
be. Hence the antenna array is smaller fora 
given sharpness of pattern, because the indi- 
vidual radiating element is normally a half-wave 
long. For an antenna array of a given physical 
size the pattern is sharper for a higher fre- 
quency. 

The problem of generating and amplifying 
reasonable amounts of RF energy at extremely 
high frequencies is complicated by the physical 
construction of the tubes to be used. The com- 
mon triode becomes impractical and must be 
replaced by tubes of special design. 

In general, the modifications for extremely 
high-frequency operation are designed to reduce 
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interelectrode capacitances, transit time, and 
stray inductance and capacitance in the tube 
leads. 

At the receiver end, it is very difficult to 
amplify microwave signals; as a result, RF 
amplifiersare not employed. Instead, the fre- 
quency of the incoming signal is mixed with that 
of a local oscillator ina crystal mixer to pro- 
duce a difference frequency called the INTER- 
MEDIATE FREQUENCY (IF). Theintermediate 
frequency is low enough to be amplified in suit- 
able IF amplifier stages employing electron 
tubes, 


50-29. Pulse Repetition Frequency 


Sufficient time mvuest he allowed between each 
transmitted pulse for anecho to return trom any 


target located within the maximum workable 
range of the system. Otherwise, the reception 
of the echoes from the more distant targets 
would be obscured by succeeding transmitted 
pulses. 

The range of a radar set depends upon the 
pulse repetition rate provided the power is suf- 
ficient. For example, when the peak power is 
sufficient, and the repetition rate is 250 PPS, 


a 
the period will be ao 4000 ps. At 12.2 ns 


per mile, the range will be oe 328 miles. 


This necessary time interval fixes the highest 
pulse-repetition frequency that can be used to 
avoid interference with the returning echo by 
the next output pulse, 

When the antenna system is rotated at a con- 
stant speed, the beam of energy strikesa target 
for a relatively short time. During this time, 
a sufficient number of pulses of energy must be 
transmitted in order to return a signal that will 
produce thenecessary indication on the oscillo- 
scope screen. For example, an antenna rotated 
at 6 rpm having a pulse repetition frequency of 
800 cps will produce approximately 22 pulses for 
eachdegree of antenna rotation. Thepersistence 
of the screen and the rotational speed of the an- 
tenna therefore determine the lowest pulse re- 
petition frequency that can be used. 


50-30. Pulse Width 

The minimum range at which a target can 
ideally be detected is determined largely by the 
width of the transmitted pulse. If a target is so 
closeto thetransmitter thatthe echois returned 
to the receiver before the transmitter is turned 
off, the reception of the echo obviously will be 
masked bythe transmitted pulse. For example, 
a pulse width of lps willhave a minimum range 
of 164 yards, meaning that a target within this 
range will not show, or will be ''blocked out" on 
the screen. In this respect, equipments for 
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Al5. The maximum range desired. 


Al6. The pulse width. 





"close in'' ranging ornavigation work use pulses 
of the orderof0.lps. For long-range equip- 
ment the pulse widthis normally from lps tops. 


Q15. What determines the PRF ofa radar? 


Q16. What is one factor that determines the 
minimum range of a radar set? 


50-31. Power Relation 

A radar transmitter generates RF energy in 
the form of extremely short pulses andis turned 
off between pulses for comparative long inter- 
vals. The useful power of thetransmitter is that 
contained in the radiated pulses and is termed 
the PEAK POWER of the system. Power is 
normally measured as an average value overa 
relatively long period of time. Because the 
radar transmitter is resting for a time that is 
long with respect to the operating time, the 
average power delivered during one cycle of 
operation is relatively low compared with the 
peak power available during the pulse time. 

A definite relationship exists between the 
average power dissipated over zen extended period 
of time and the peak power dev2loped during the 
pulse time. The overall time of one cycle of 
operation is the reciprocal of the pulse repetition 
frequency (PRF). Other factors remaining con- 
stant, the greater the pulse width the higher 
will be the average power; and the longer the 
pulse-repetition time, the lower will be the 
average power. Thus, 


ulse width 
pulse-repetition time 


Average power 


peak power 


These general relationships are shown in Figure 
50-16. 
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Figure 50-16 - Relationship of peak and 
average power 





The operating cycle of the radar transmitter 
can be described in terms of the fraction of the 


total time that RF energy is radiated. This 
time relationship is called the DUTY CYCLE 


and may be represented as 


pulse width 
duty cycle = “, : 
pulse-repetition time 
For example, the duty cycle ofa radar having a 
pulse width of 2 microseconds anda pulse-repe- 
tition frequency of 500 cycles per second 


6 


(pulse repetition time = Soo’ °F 2,000 micro- 


second) is 
a 
duty cycle = 2.000 = 0.001 


Likewise, the ratio between the average power 
and peak power may be expressedin terms of the 
duty cycle. Thus, 

2x 10-6 


2000 x 10-6 
In the foregoing example it may be assumed that 
the peak power is 200 kilowatts. Therefore, 
for a period of 2 microseconds a peak power 
of 200 kilowattsis suppliedto the antenna, while 
for the remaining 1998 microseconds the trans- 
mitter output is zero. Because 
average power = peak power x duty cycle. 
average power = 200 x 0.001 = 0.2 kilowatts 


duty cycle = 


High peak power is desirablein orderto pro- 
duce a strong echo over the maximum range of 
the equipment. Low average power enables the 
transmitter tubes and circuit components to be 
made smaller and more compact. Thus, it is 
advantageous tohave alow duty cycle. The peak 
power that can be developed is dependent upon the 
interrelation between peak and average power, 
pulse width and pulse-repetition time, or duty 
cycle. 
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EXERCISE 50 


Why is it necessary to utilize AFC cir- 
cuits in radar receivers? 

Why aren't RF amplifiers found in radar 
receivers? 

A radartransmitter has a peak powerof 150 
kilowatts and a duty cycle of 0.002, What 
is the average power? 

A radar transmitter has a PRF of 800 cps, 
a resting time of 1249 microseconds, and 
anaverage power of 400 watts. What is the 
peak power? 

The slant range of an aircraft is 5 miles. 
The angle of elevation of the radar an- 
tenna is 30°? What is the altitude of the 
aircraft? 


6. 


10. 


What type of pulse is applied to a mag- 
netron? Towhichelementis the pulse nor- 
mally applied? 

Why is an electronic switch necessary in 
the antenna system of a radar which uses 
the same antenna for both sending and re- 
ceiving ? 

Whatis the advantage of usinga radar which 
has a low duty cycle? 

What type of radar system performs a 
measurement of the difference infrequency 
between the transmitted and reflected 
energy ? 

Why does a surface search radar utilize 
narrow pulse widths ? 


CHAPTER 5l 


RADAR TIMER AND MODULATOR 


This chapter will deal with the MASTER TIMER 
and MODULATOR of a radar set. The master 
timer, which is considered to be the heart of a 
radar set, produces accurately timed pulses, 
which are applied to both the transmitter and 
indicators. The modulator is used to produce 
high voltage pulses of the proper amplitude 
polarity, and width to trigger the radar trans- 
mitter, 


51-1. Master Timer 

The master timer unit supplies triggers to 
the radar indicators and transmitter. This unit 
must be very stable since it determines both 
the PULSE REPETITION FREQUENCY (PRF) 
and PULSE REPETITION TIME (PRT) of the 
radar set, The block diagram of a typical timer 
unit is illustrated in Figure 51-1, 

The oscillator section generates a steady out- 
put at a fixed frequency. The frequency of 
operation is generally less than 1,000 cps, and 
will be determined by the purpose and type of 
radar set used. A phase shift or Wein-bridge 
oscillator is usually used to meet the require- 
ments of stability and low frequency operation. 
These circuits are described in Chapter 46. 
The output of the oscillator section is a sine 
wave of constant amplitude and frequency. 

The output of the oscillator is applied to an 
overdriven amplifier which produces a square 
wave output. The overdriven amplifier is dis- 
cussed in section 48-18, This square wave 
should have steep leading and trailing edges to 
accurately preserve the time relationships pro- 
duced by the oscillator. The square wave output 
of the overdriven amplifier is applied to an RC 
differentiating circuit. The differentiator pro- 
duces two narrow pulses; a positive pulse cor- 


responding to the 0° point of the square wave, 
and a negative pulse corresponding to the 180° 
point of the square wave. 

The output is applied to adiode clipper which 
usually removes the negative pulse but in some 
cases positive clipping may be employed. The 
clipper output is applied to a cathode follower 
stage. The cathode follower Stage is generally 
used to isolate the timer unit from other cir- 
cuits in the set, and to provide impedance 
matching between the timer unit and the inter- 
connecting coaxial cables. The output of the 
timer unit consists of very narrow pulses, us- 
ually 30 to 60 volts in amplitude, which corres- 
pond to the 0° point of each cycle produced by 
the timer oscillator. 


51-2. Radar Modulators 


The modulator section, which is usually trig- 


gered by the master timer, produces a high 
negative pulse, which is used to fire the master 
oscillator power amplifier (Magnetron), in the 
radar's transmitter section. The amplitude of 
this pulse will be determined by the type: of 
master oscillator power amplifier (Magnetron) 
used, Pulse width is critical since it determines 
the length of time the transmitter will be pro- 
ducing an output. The pulse width may be a 
fixed value of from 0.1 to 10 micro seconds, 
and will be dependent on the frequency and 
application of a particular radar set. 

The block diagrams of twotypes of modulator 
systems are illustrated in Figure 51-2. The 
LINE PULSING MODULATOR (Figure 51-2A 
consists of the following components; 


1. The source - Provides high voltage to the 
storage element in the modulator. 


\ it | TO MODULATOR 
OVERDRIVEN DIFFER- CATHODE 
TO INDICATORS 





h 


Figure 51-1 - Master timer unit. 
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2. Zech - The total impedance in the storage 
network charge path, 

3. The Switch - (May be a spark gap or thy- 
ratron) allows the storage network to charge 
when open; allows the storage network to dis- 
charge when closed. 

4. PULSE FORMING NETWORK - Stores the 
high voltage provided bythe source. Alsodeter- 
mines the shape and width of the HV pulse applied 
to the load, 

5. Load - Primary winding of the pulse trans - 
former, 


The DRIVER HARD TUBE MODULATOR 
(Figure 51-2B) differs from the line pulsing type 
in many respects, Although Zech, the source, 
and the load are similar to the line pulsing type; 
the storage network in the hard tube system does 
not shape the output pulse. The hard tube mod- 
ulator (Figure 51-2B) consists of the following 
components: 


1. Zech, Source, Load - Same as in the line 
pulsing type. 

2. STORAGE NETWORK - Usually a large ca- 
pacitor. Does NOT determine pulse width, 

3. HARD TUBE SWITCH - Controls the charge 
and discharge of the storage unit. When the 
switch tube is cut off, the storage unit charges; 
when the switch tube conducts, the storage unit 
discharges, 

4. DRIVER - Input is atrigger from the master 
timer; output is a HV pulse used to drive the 
switch tube into conduction, Since the width of 


(A) LINE PULSING MODULATOR 


CHARGE PATH ——* DISCHARGE PATH -—-- > 


(B) DRIVER HARD-TUBE MODULATOR 





Figure 51-2 - Twotypes of modulators. 


this pulse determines how long the switch tube 
will conduct, the driver pulse width will deter- 
mine the width of the HV pulse applied to the 
load. 


Ql. What section determines the pulse shape 
in a line pulsing type modulator ? 


51-3. Artificial Transmission Lines 

Some of the characteristics of a transmission 
line, such as time delay, pulse shaping, and 
energy storage, can be used to advantage ina 
radar set. Transmission lines are discussed 
in detail in Chapter 27, The physical length of 
a real transmission line required for a par- 
ticular application may be too great for practical 
use, In this case an ARTIFICIAL TRANS- 
MISSION LINE (designated hereafter as line) 
may be constructed by first determining the 
values of L and C inthe real line, and lumping 
these component values into an artificial line. 
The line will thenhave the same electrical char- 
acteristics asthe real line. The construction of 
a line is illustrated in Figure 51-3. Note that 
lumped values of Land Care used to replace the 
distributed L and C values whichoccur in areal 
line. 

The artificial line wil] produce the same de- 
lay characteristics as a real line. A voltage 
applied to the line terminals at point A will 
appear at the terminals at point B delayed by a 
time interval which is determined by the values 
of Land C. The time delay may be calculated 
by using the formula: 


Td = NYLC (27-4) 


where: T is the delay time in seconds, N is the 
number of line sections; L the inductance in 
henrys per section, and C the capacity in farads 
per section. 





Figure 51-3 - Artificial transmission line 
construction, 


The line illustrated in Figure 51-3 will have 
a delay time of: 
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y the formula: 


Td =NYWYLC =271x107*x 4x 1078 
2-~¥4x 10-12 


1&2 10-" 


4x 10-6 seconds or 4 
micro seconds 


An EMF applied to the input terminals of this 
line will NOT appear at the output terminals un- 
til 4 micro seconds have elapsed. 

Since the line presents the same series- 
parallelRLC circuit characteristics as a real 
line; the method of determining the character- 
istic impedance developed in Chapter 27 may be 
used, The formula for determining character- 
istic impedance is; 


ke 
Zo = te (27-1) 


Where Zo is the characteristic impedance in 
ohms; Lis the inductance per section in henrys; 
and C is the capacity per section infarads. The 
Zo of the circuit illustrated in Figure 51-3 is: 


L /1x 10-4 
0HE Tex i08 ee 


- 0.25 x 104 
= 7 25x 102 


- 5x 10 or 50 ohms 


Note that the addition of more line sections will 
not change the Zo, since the L/C ratio remains 
constant, 

The line is similar to the two-wire trans- 
mission line, and does have a high frequency 
limitation, Since the line is composed of in- 
ductance and capacitance; filtering action will 
take place. At a very high frequency, the square 
wave pulse will become distorted. For a com- 
plete analysis of this type of distortion refer to 
Chapter 45, 


Q2. What is the total delay time of an open 
ended, three section line, which contains 2 
millihenry of inductance and 0, 008 micro farads 
of capacitance per section? 


51-4, Charging Open Ended Lines 

The dc charging circuit of an open ended 
artificial transmission line is illustrated in 
Figure 51-4A. Rc.) is the internal resistance 
of the source. The Zo of the line can be found 





L 1 x 107 4 
Zo ape T>jo-8 = ¥ bw lO? = 1 Ohm 


The time delay (Td) for one way travel is: 


Td=-N7YLC-271x10-4x1x 10-8 


= 2x 10-6 or 2 micro seconds 


The de charging sequence starts when S, is 
closed, Since Zo = Rgp, one half of Epp will be 
applied to the line at point (1). The first section 
of the line, composed of L) and Cj, charges to 
Epp/2 (50v) at Tg/2 or 1 micro second (Figure 
51-4B). At this time 50v is measured at points 
(1) and (2), but the voltage at point (3) is zero. 
Two micro seconds after Epb is applied to the 
circuit, the second section of the line, L2 and 
C2, charges to Epp/2 or 50v. At this instant 
50v will be measured at points (1), (2) and (3). 
The voltage wave which travels from the input 
terminals to the output terminals of the line is 
called THE INCIDENT WAVE. 

While the line is chargingto E}}/2, charge 
current flows through Ly, and L2. The instant 
C2 chargesto 50v, the magnetic field around L?2 
collapses, increasing the charge on C2 to Epp 
or 100v. At this instant the voltage measured 
at point (3) is 100v; this is the start of the RE- 
FLECTED WAVE. The open end of the line now 
acts as a 100v source, andthe reflected wave 
travels back to the input terminals, increasing 
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Figure 51-4 - DC charging circuit for an open- 
ended ATL. 
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Al, Pulse shape is determined by the pulse 
forming network. 


A2. Tota) time delay T = 2N + LC Then, 


T-2x3 2x 10-3 x 8 x 10-9 


- 67 16x 10-12 - 6x4x 10-6 
- 24 x 10-6 seconds or 24 micro 
seconds 


the charge on the line from 50v to 100v. After 3 
micro seconds 50v is measured at point (1) 
while 100v is measured at points (2) and (3) 
(Figure 51-4D). After 4 micro seconds ]00v is 
measured at points (1), (2) and (3), and the line 
is fully charged to Epp. Note that the total time 
required to charge the line to Ebb is twice the 
one way travel time or 2Td. A charged open 
end line will have masdmum voltage (equal to 
Epp) and zero current. 

It is necessary that Z, and R¢}p be equal if 
the line is to be fully charged after one incident 
and reflected wave. If Rep is greater than Zp, 
the voltage applied to the line is less than Epp /2, 
and several incident and reflected waves will be 
required to charge the line to Epp. If Rep, i8 
less than Zo, the voltage applied to the line is 
greater than E}p)/2, and the line will oscillate 
above and below the value of Epp several times 
before charging to Epp. 

A shorted end line will charge in the same 
manner as the line in Figure 5]-4. Inthe short- 
ed end line, the incident and reflected waves 
will be current waves ratherthan voltage waves. 
When the shortedend line is fully charged, cur- 
rent will be maximum and voltage will be zero. 


51-5. DC Resonance Charging 

Another method of charging anartificial trans - 
missionline (line) is illustrated in Figure 5]1-5A. 
In this circuit, the artificial line will be used for 
charge storing and designated C.,t. Charge cur- 
rent flows through a series inductor Loy. The 
inductance of Ley, is much greater than the in- 
ductance present in the Cgt. When S) is closed, 
Cet starts to charge toE},,. The charge current 
of Cgt flowing through Le} produces a magnetic 
field, When Cg; is charged to Epp, the field 
around 1L...}, collapses, increasing the charge on 
Cst to approximately 1.9 Epp (Figure 51-5B). 
At this point, the field surrounding Lec}, has 
completely collapsed, and C,; will discharge 
through the source, Since Cgt and Le} forms a 
series resonant circuit, the voltage appearing 
across Cgt will take the form of a damped sine 
wave with Epp as the reference level. The fre- 
quency of oscillation will be dependent on the 
values of Lop, and Cgy; the damping time will be 
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Figure 51-5 - DC resonance charging circuit. 


dependent on the circuit I7R losses. 

The advantage of this charging method lies 
in the magnitude of Cst charge occurring at T) 
in Figure 51-5B. If, at this instant, C,, is 
disconnected fromthe charge path and connected 
to a load, it can supply a voltage which is 95% 
greater than the source Epp. This system would 
require very critical timing. If S) were auto- 
matically opened at T), Cgt would retain its 
charge of 1.9 Epp. 

In Figure 51-6A the switch is replaced by 
diode V). C,;y charges through V) and Lg}. 
When C,, ischarged to Epp. the field around L., 
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Figure 51-6 - DC resonance charging with diode. 


collapses, charging Cgt to about 1.8 Epp. The 
charge on Cg; is less than the charge achieved 
in Figure 51-5B due to the voltage drop across 
Vi. Cgt cannot discharge due to diode V), and 
will now retain a charge of 1, 8 Ej} until a dis- 
charge path is provided, 


Q3. What are the advantages of charging an 
artificial transmission line through a charging 
choke and diode ? 


51-6. Discharging Open Ended Lines 

Figure 51-7 illustrates the waveshape pro- 
duced when an artificial transmission line is 
discharged into a load which has an impedance 
(ZR) that matches the characteristic impedance 
(Zo) of the line. Assume that the line (Z,) had 
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been charged to some value of voltage (Epp) and 
S; is open. At this time line voltage equals 
Ebb and load voltage equals zero. S) is closed 
at time To (Figure 5]1-7B). At this instant, line 
voltage (EZ,) drops to Epp,/2 and load voltage 
(EZR) increases to Epp/2. The changes are 
equal because Zo = ZR. The discharge sequence 


Zo" 100O/N 


Ly=imh Lo=imh Temtlnties 


C2 





Figure 51-7 - Discharging a line when Zo = ZR. 


of the line is similar to the charge sequence. 
An incident wave occurs from time To to Tg 
discharging the line by half. The reflected wave 
occurs from time Tq to 2Tq completely dis- 
charging the line. When ZR = Zo, the output 
voltage (EZR) will be a pulse with an amplitude 
equal to Epp/2 and a pulse width (PW) equal 
to eTu. 

When load impedance is greater than line 
impedance, several incidentand reflected waves 
will occur before the line is completely dis- 
charged. The pulse which will appear across 
the load impedance is illustrated in Figure 51-8. 
Note that the pulse width is greater than the 
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Figure 51-8 - Pulse voltage when ZR is greater 
than Zo. 
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Figure 51-9 - Pulse voltage when Zp is less 
than Z). 


normal time of 2Td. 

When load impedance is less than line im- 
pedance, the load voltage is less than the line 
voltage and after a discharge time of 2T, the 
line recharges in the opposite polarity. The 
resultant output pulse is illustrated in Figure 
51-9, Note that once again the total discharge 
time is greater than 2Td. 

Artificial transmission lines have many 
applications in radartransmitters and receivers, 
In receivers they are used to provide con- 
trollable time delays fortriggers and video sig- 
nals, In transmitters they are used as pulse 
forming networks (line) to store and de- 
liver high voltage energy to the form of a pulse 
to the transmitter's master oscillator power 
amplifier (Magnetron). 


51-7. Switching Devices 

After the pulse forming network has been 
charged, some method of switching must be pro- 
vided to allow the pulse forming network to 
discharge through the load. The switch must 
be able to handle a high pulse repetition frequency 
(PRF)and pass a current flow whichmay exceed 
100 amperes. The switch must also provide 
accurate control of the on and off time interval. 

One method of switching is illustrated in 
Figure 51-10A. An arcis producedeach time one 
of the rotating electrodes passes in close prox- 
imity to the fixed electrode. The number of 
rotating electrodes and speed of rotation will 
determine the number of arcs (switch closures) 
per second. For instance, if the speed of ro- 
tation was 6,000 revolutions per minute (100 
revolutions per second)and the number of elec- 
trodes is four, the switch would effectively open 
and close 400 times per second. 
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A3. The advantages of charging an artificial 
transmissionthrough a charging choke and 
diode are; the line will charge toa volt- 
age that is 90% greater than that applied by 
the source; and the line switching time 
for discharge is not critical. 





A modulator circuit utilizing a rotary spark 
gap switch is illustrated in Figure 51-10B. The 
pulse forming network charges to source voltage 
when the fixed electrode is between rotating 
electrodes ] and 2, The pulse forming network 
discharges through the load when there is an 
arc between the fixed electrode and rotating 
electrode number 2. The cycle keeps repeating 
between each set of rotating electrodes, The 
rotary spark gap is seldom used because of its 
short life expectancy and unstable firing time. 
Firing time may vary because of electrode cor- 
rosion, changes in air temperature, pressure, 
and humidity. 





Figure 51-10 -(A) Rotary spark gap (B) Circuit 
using rotary spark gap. 


A better method of switching is illustrated in 
Figure 5]-l1A. In this case, a hydrogen thy- 
ratron is used as the switching device. During 
T, (Figure 51-11B) the thyratron is not con- 
ducting, and the pulse forming network (line) 
charges through L,}, and the charging diode. 
The pulse forming network charges to approxi- 
mately 1.8 times the source voltage. At the 
Start of Tz, a trigger pulse, which corres- 
ponds in time with the master timer trigger, is 
applied to the grid of the thyratron. The thy- 
ratron is driven into conduction, allowing the 
line to discharge into the load. Since the line 
impedance (Z,) of the line is closely matched 
to the impedance of the load Zp, one half of 
the line voltage is dropped across the load. 





Figure 51-1] - (A) Modulator circuit using a 
thyratron switch, 
(B) Line andload voltages for 
two cycles of operation. 


At the end of T2, the line voltage decreases 
rapidly and the thyratron de-ionizes. The width 
of the pulse appearing across the load is deter- 
mined by the two way delay time of the line. 

If there is a slight impedance mismatch (Zp 
is less than Z,) between the pulse forming net- 
work and the load, the line will tend to recharge 
slightly in the opposite direction (Figure 51-9). 
This opposite charge would increasethe current 
through Lop, causing the pulse forming network 
voltage to increase during the normal charge 
cycle, Pulse forming network voltage will keep 
increasing during each succeeding cycle until 
breakdown of either the load or thyratron oc- 
curred. 

The by-pass diode and inductor L are con- 
nected in shunt with the thyratron to prevent 
inverse charging of the line. If an inverse 
charge is present on the line, the by-pass diode 
conducts providing a discharge path through the 
inductor. The discharge current produces a 
magnetic field around L)}. When the discharge 
current stops, the field around lL) collapses 
causing a slight charge of the proper polarity 
in the pulse forming network. 


Q4. Whena thyratronis usedas the switch tube 
in a modulator, why must a pulse forming net- 





work be used, rather than the trigger pulse, to 
control output pulse width? 


Q5, What is the purpose of the by-pass diode 
connected in shunt with the thyratron switch? 


51-8. Pulse Transformer 

The load connected to the line or storage 
circuit, will be applied to the pulse transfor- 
mer of a magnetron (master oscillator power 
amplifier). A pulse transformer is used to 
step up the high voltage pulse from the pulse 
forming network and provide impedance match- 
ing between the magnetron and the line, Pulse 
transformer design is critical because of the 
high frequency components present in the output 
pulse, The core is composedof thin laminations 
of ferro-magnetic material, usually silicon 
steel. Close coupling between primary and sec- 
ondary reduces leakage inductance to preserve 
the steep leading edge of the input pulse, Low 
interwinding capacitance is desired to prevent 
high frequency oscillations. Close coupling is 
attained between primary and secondary, by 
winding the primary directly on the secondary 
and by using the same leg of the core for both 
windings. The secondary is usually BIFILAR 
(meaning two) windings. 

The bifilar secondary is illustrated in Fig- 
ure 51-12. The secondary is made up of two 
insulated conductors, wound side by side so that 
exactly the same voltage is induced in each. 
The bifilar winding acts as two secondaries, 


FILAMENT SUPPLY 





Figure 51-12 - Bifilar secondary, 


which have equal and in-phase voltages induced 
in them. The bifilar winding permits the use of 
a filament secondary without high voltage insul- 
ation, 

By-pass capacitors, C, and C2, are often 
used so that pulse current will flow directly to 
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the bifilar winding, without affecting the tilament 
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circuit, 
Q6. What is the advantage of using a bifilar 


secondary winding on a highvoltage pulse trans- 
former that is connected to a magnetron? 


51-9. Protective Devices 


Occasionally an over voltage condition may 


exist in the pulse forming network, The line 
will charge to ahigher voltage than normal, and 
anexcessively highnegative pulse will be applied 
to the magnetron. Frequent overvoltages can 
cause arcing and damage to the magnetron. An 
overvoltage spark gap is connected across the 
pulse transformer secondary to prevent ex- 
cessively high pulse voltages from being applied 
to the magnetron (Figure 51]1-13A). The gap 
width is manually adjusted for the desired value 
of voltage which will produce arc-over, 





Figure 51-13 - Protective devices used with the 
magnetron, 


Stray capacitance and leakage inductance in 
the pulse transformer secondary circuit, pro- 
duces a series of oscillations after the main 
pulse has been applied (Figure 51-13B). The 
negative portions of this waveshape will pro- 
duce a spurious output fromthe magnetron which 
can obliterate any short range targets. These 
oscillations are not produced during the main 
pulse, due to the low impedance shunting pro- 
vided by the conducting magnetron. A DAMPING 
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A4, A line must be used to control output pulse 
width when a thyratron switch is used, be- 
cause after ionization, the thyratron grid 
loses control , and a decrease in grid po- 
tential cannot cause the de-ionization nec- 
essary to end the output pulse, 


A5. The by-pass diode prevents the line from 
charging to a polarity which is the inverse 
of normal. 


A6, The bifilar secondary simplifies the in- 
sulation problem of the magnetron heater 
eircuit. 


DIODE is connected in parallel with the magne- 
trontoeliminate the effects of these oscillations. 
When the negative main pulse is applied to the 
magnetron cathode, the damping diode does not 
conduct. The damping diode will conduct during 
the positive portion of the oscillations (Figure 
51-13C); shunting the magnetron with a low 
impedance and causing the oscillations to dampen 
very rapidly. 


HARD TUBE 
SWITCH 





Figure 51-14 - Driver hard tube modulator, 


51-10. Bootstrap Driver 
A DRIVER HARD TUBE MODULATOR is 
illustrated in Figure 51-14. In this modulator, 
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the storage unit is a capacitor. It will NOT de- 
termine the width or shape of the pulse. The 
conduction level, and conduction time of the 
hard tube switch will determine the width and 
shape of the pulse applied to the load. 

The driver unit applies a constant amplitude 
pulse (produced by the timing trigger) to the 
hard tube switch, causing it to conduct. Since 
the driver pulse determines the conduction time 
of the hard tube switch, the width of the pulse 
applied to the load will be equal to the width of 
the driver pulse. Although other types of dri- 
vers are available, only the bootstrap driver 
will be discussed. 

The simplified block diagram of a bootstrap 
driver is illustrated in Figure 51-15. Positive 
triggers from the master timer are applied to 
the grid of the thyratronthrough the ISOLATION 
DIODE. The isolation diode eliminates any 
adverse transient effect, which may influence 
the operation of the trigger circuit, The input 
trigger fires the thyratron, which allows the 
pulse forming network to discharge. The dis- 
charging line applies a positive 300v pulse to 
the bootstrap amplifier. Pulse width is de- 
termined by the line. The bootstrap amplifier 
is a cathode loaded amplifier, which produces 
an amplified output pulse that is in phase with 
the input. The output pulse has an amplitude 
of minus 1000v to plus 300v, or a total ampli- 
tude of 1300v. 

A simplified schematic diagram of the boot- 
strap driver is illustrated in Figure 51-16. 
Before a trigger pulse is applied to J), the 
pulse forming network charges through resis- 
tors, R3 and R4, to 600v with the indicated po- 
larity. At this time, V3 has minus 1]1000v applied 
to its cathode and minus 1100v applied to its 
grid. The resultant bias of minus 100v holds 
V3 in cut-off. The cathode voltage of V3 (-1000 
v) is also applied to the control grid of the hard 
tube switch in the modulator, holding it in cut- 
off. 

When a positive trigger is applied to J), 
diode V) conducts, applying the trigger to the 
grid of thyratron V2. The positive trigger 
causes V2 to ionize, providing a discharge path 
for the pulse forming network. The line, which 


TO 
HARD TUBE 
SWITCH 


Figure 51-15 - Bootstrap driver-simplified block diagram. 
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Figure 51-16 - Bootstrap driver - simplified schematic diagram. 


was charged to 600v, discharges through R}, 
producing a positive pulse of approximately 
300v, to appear across Rj. This positive pulse 
is coupled to the grid of V3 through C), driving 
V3 into conduction. V3 conducts heavily, and 
its cathode voltage risesfrom -1000v, to 300v. 
Output pulse amplitude is equal to the total 
change in cathode voltage, or 1300v. Pulse 
width is determined by the time delay of the 


777-661 O- 65 - 4 


pulse forming network. 

The resultant waveshape appears at the grid 
of the hard tube switch as a positive ]300 volt 
pulse, superimposed on a negative 1000 volt bias 
level. This pulse drives the hard tube switch 
into conduction, which in turn, discharges the 
storage network in the modulator. A modulator 
pulse, equal in width to the driver pulse, is now 
applied to the magnetron. 
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EXERCISE 51 


Describe the function and operation of each 
block of the radar master timer unit. 

What types of oscillators are normally used 
in the timer? Why are these types chosen? 
What are the requirements of the square 
wave output from the overdriven amplifier ? 
What is the function of a radar modulator? 
Why is the pulse width of the modulator 
pulse critical? 

Describe the block diagram of the hard tube 
modulator ? 

Compare an artificial transmission line to 
an ordinary t:ansmission line. Why is an 
artificial line used instead of an ordinary 
transmission line ? 

How much of adelay may be expected from 
an eight section line the inductance of one 
section of which is one millihenry and the 
capacitance is 0,005 microfarad? What is 
the characteristic impedance of the line? 
Describe how an open-ended line is charged. 
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Describe the charging action of a shorted 
line. 

What is resonance charging? 

What is the purpose ofa charging diode and 
a charging choke? 

What is the disadvantage of the spark gap 
switching device ? How is this disadvantage 
overcome by the use of a thyratron? 
Describe the operation of a modulator cir- 
cuit which uses a pulse forming network 
and a thyratron? 

What is the purpose of a by-pass diode? 
How does a pulse transformer differ from 
an ordinary power transformer? 

What is the function of the bifilar winding? 
Why is a damping diode required? 

What is the bootstrap driver? What are its 
characteristics and advantages ? 

Why is the isolation diode used in the Boot- 
strap circuit? 


CHAPTER 52 


WAVEGUIDES AND CAVITIES 


As radar frequencies became_ increasingly 
higher, the open-wire line and coaxial line were 
no longer suitable as transmission lines because 
oftheir high energy loss. The WAVEGUIDE was 
developed to conduct high energy microwaves. 

The purpose of a waveguide is to transfer 
energy from one point to another, in the same 
manneras an open wire Or coaxial transmission 
line. However, waveguides differ from the 
open-wire or coaxial line because all of the 
transmittedenergy is contained withinthe wave- 
guide in the form of electric and magnetic 
fields rather than the conventional current and 
voltage movement. This controlled energy 
movement can be thought of as similar to di- 
rected wave propagation. 

Waveguides are most commonly constructed 
in configurations similar to sectional pieces of 
hollow pipe or conduit. They can have either 
a circular or rectangular cross section area as 
shown in Figure 52-1. 


52-1. Development of Waveguides From 


Parallel Lines 

Figure 52-2 shows a section of two-wire 
transmission line of the most simple construc- 
tion supported on two insulators A and B. The 
insulators may be made ofplastic, porcelain, or 
Similar material. 

From the view point of the line, insulator A 
is an impedance, 2], to ground; and insulator 
Bis an impedance, Z2, to ground. Of course 
these impedance values must be very high, 
otherwise the line would be shorted or bypassed 
to ground. 

Z|, and Z2 are not necessarily pure resist- 
ances. The presence of the insulator causes a 
Significant amount of capacitive reactance to be 
introduced into the system. A capacitoris form- 
ed between each conductor and ground. The 
dielectric for this capacitor is the insulator 
itself. However, the presence of capacitance 
as well as the resistance makes little differ- 
ence in the usual installations as long as the 
total impedance is kept very high. It is desir- 
able to keep the insulator losses as low as 
possible. Therefore, the insulator should have 
high leakage resistance and low dielectric loss. 

Since the wires have impedance to ground 
and ground itself is a low impedance, the wires 
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Figure 52-1 - Types of waveguides. 


have an impedance between them. Therefore, 
the wires look upon the terminals of the insula- 
tors A and Bas the terminals of a high imped- 
ance. Z3 made up of the combined effects of the 
other impedances. 

Because a quarter-wave line shorted at one 
end acts at the other end as a very high imped- 
ance, it can be used as an insulator. Since the 
transmission line in Figure 52-2 regards its 
insulators as two terminals between which a 
high impedance exists, the line can be very ef- 
fectively supported on a quarter wave stub as 
shown in Figuré 52-3. In fact, Z}, Zo and 23 
now are higher in value as compared to the 
more conventional insulators because aquarter- 
wave line has lower losses. This quarter-wave 





Figure 52-2 - Two wire transmission line 
using Ordinary insulators. 
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Figure 52-3 - Two wire transmission 
line using quarter-wave 
insulators. 


line is sometimes calleda METALLIC INSULA- 
TOR. 

While the insulators in Figure 52-2 may be 
used for a wide range of frequencies, the quar- 
ter-wave line may be used for only ultra 
high frequencies and then foronlya very narrow 
band of frequencies. Ifa widely different fre- 
quency is used, the stub length is no longer a 
quarter-wave length long, and therefore, it no 
longer can act as an insulator. 

Of course, a metallic insulator such as the 
quarter-wave stub is an insulator only because 
its action as a parallel resonant circuit, which 
of necessity, is notpracticable. Although limit- 
ed, to ultra high frequenciesand to very narrow 
bands, such insulators have the advantage of 
mechanical simplicity and unusually low power 
iOSs. 

In Figure 52-4, a two-wire line is supported 
at both top and bottom by quarter-wave insu- 
lators. In effect, the line is placed atthe center 
of a half-wave line shorted at both ends, which 
is called a half-wave frame. If the quarter- 
wave supports in Figure 52-5are placed soclose 
together that they touch at all points, a rectan- 
gular metallic tube is created. The original 
transmission lines now become a part of the 
side walls of the tube, andthe top and bottom 
quarter-wave lines are the top half and the 
bottom halfof the tube as shownin Figure 52-5B. 
This solid structure, called a waveguide, can 
be thought of as being composed of two bus bars 
and a multitude of quarter-wave insulators. 
Actually, for mechanical simplicity the tube is 
made of sheet metal, rather than of metal rods 
which are soldered together. 

A waveguide constructed simply by increas- 
ing the number of half-wave frames until they 
touch carries not only one frequency, but also 
all higher frequencies. This can be explained 
when Figure 52-5 is compared with Figure 52-6. 
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Figure 52-4 - Two-wire transmission line 


using double quarter-wave 
insulators. 


A waveguide may be considered as having upper 
and lower quarter-wave sections of metallic 
insulation anda central section of bus bar. In 
Figure 52-5 the distance ab equals cd which 
equals one-quarter wavelength. The distance bc 
is the widthofthe bus bar. Assumingthe dimen- 
sions of the waveguide are held constant, at 
some higher frequency, the width of the bus bar 
in Figure 52-6 in effect is increased to b'c', 
while the quarter-wave insulators decrease in 
length until a'b' equals c'd' which, in turn, equals 
a quarter wavelength at the new frequency. 
Theoretically, the waveguide could pass an 
infinite number of frequencies and the quarter 
wavelengths approach zero; andthe baroccupies 
the entire side of the guide. In practice, this 
is limited by certain other factors. 
One important fact should be noted. If the 
wavelength increases (frequency decreases) so 
much that the two quarter-wave insulators 





Figure 52-5 - Waveguide near minimum 
frequency. 
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Figure 52-6 - Waveguide above minimum 
frequency. 


CANNOT be created within the distance ab in 
Figure 52-7, the insulators automatically be- 
come less than a quarter wavelength. In this 
case, instead of being high resistive impedances; 
they become much lower inductive impedances; 
and the current is shorted out. Thus, a wave- 
guide ceases the transmission of energy at the 
cutoff frequency, blocking any lower frequencies, 
but will transmit all frequenciesabove the cutoff 
frequency. The distance ''ab'"' in figure 52-7 is 
between .51 to. 84 wavelengths in most applica- 
tions. 


Qi. In a two-wire line suspended from the 
ground by insulators, why is there an impedance 
between the wires? 


Q2. Why is a metallic insulator practicable? 


Q3. What is the relationship between frequency 
and wavelength? 


Figure 52-7 - Waveguide below minimum 
frequency. 





52-2. Power Handling Capabilities of 
ST ayeguides 


The maximum power that can be passed 
through a waveguide is directly proportional to 
the maximum voltage that can exist inside a 
waveguide. As in capacitors, the working volt- 
age is dependent upon the distance between the 
two plates and the type of dielectric material 
as shown in Figure 52-8. This same condition 
holds true with waveguides. As shownin Figure 
52-8, the narrow or "'b" dimension will deter- 
mine the voltage handling capacity. 
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Figure 52-8 - Power dimensions of 
waveguides. 


If the ''b'' dimension of waveguide 2 is twice 
that of waveguide 1, twice the value of voltage 
will be able to exist in waveguide 2. Since 
power is a function of the square of the voltage, 
the power handling capabilities of waveguide 2 
would be four times greater than waveguide 1. 
The narrow or'"'b''dimension will determine the 
maximum power handling capacity of the wave- 
guide. 


De =. Advantages of Waveguides 


One ofthe prime reasons forthe use of wave- 
guides is the low attenuation of energy traveling 
through it. Loss ina transmission line canbe 
divided into three categories: radiation loss, 
copper loss, and dielectric loss. 

Radiation loss is the most serious in the 
Open-wire line since there is no provision to 
contain any escaping energy. The coaxial 
cable uses an outer shield as one of the con- 
ductors, so that energy is contained between 
the outer (shield) and the inner conductors 
as shown in Figure 52-9. 

The waveguide, as the coaxial line, also 
contains the energy within its outer walls; and 
prohibits energy from escaping. 

Copper loss becomes particularly important 
at microwave frequencies because of a phe- 
nomena known as the SKIN EFFECT. At lower 
frequencies, as shown in Figure 52-10, the skin 
effect would be extremely small; but at micro- 
wave frequencies it would cause an appreciable 
loss. 
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Al. Because there is an impedance from each 
conductor to ground. 


Az. It can be used as an insulator if it is a 
quarter-wave long at the operating fre- 
quency. 


A3. As frequency ‘increases, wavelength de- 
creases. 


x & 


OPEN WIRE COAXIAL CABLE 
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CIRCULAR RECTANGULAR 
WAVE GUIDE WAVE GUIDE 


Figure 52-9 - Energy loss in transmission 
lines. 
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Figure 52-10 - Skin effect. 


In a coaxial line, the outer conductor would 
not havean appreciable resistance; but the small 
inner conductor would have appreciable resist- 
ance because of the skin effect. By removing 
the inner conductor, the skin effect would be 
greatly reduced. A coaxial line with no center 
conductor is a waveguide. 

Dielectric loss becomes greater in coaxial 
lines at higher frequencies. The energy is lost 
inthe insulating material between the inner con- 
ductorand the outer shield. Airhas a negligible 
dielectric loss at any frequency. Waveguides 
have a negligible dielectric loss because they 
are filled with air or some other gas. 








Figure 52-11 shows a comparison between 
coaxial lines and waveguides. Notice that the 
waveguides can be designed fora specific range 
of frequencies. As the frequency changes, a 
different size waveguide could be used, so that 
at the new frequency the new waveguide would 
be operating at its point ofminimum attenuation. 


ATTENUATION IN DECIBELS 


SMALL 
WAVEGUIDE 


FREQUENCY IN MEGACYCLES PER SECOND 





Figure 52-11 - Attenuation comparison. 


A second advantage of using waveguides is 
their increased power handling capabilities as 
compared to a coaxial line of similar size. The 
voltage required to break down the insulation 
would be determined by the distance between the 
two conductors. Figure 52-12 shows that the 
waveguide would require much higher break 
down voltage since the distance is more than 
doubled. In special applications, the waveguide 
may be under pressure or filled with gas to ex- 
tend its power handling capabilities. Another 
advantage is the waveguide is simple and rugged. 
Since the waveguide is hollow, there would be 
no inner conductor which could be damaged by 
shock or vibration. 


(A) COAMIAL LINE §=(B) ROUND wavecuoe 





Figure 52-12 - Comparison in breakdown 
paths. 


Q4. Which waveguide dimensiondetermines the 
power handling capabilities of the waveguide? 


Q5. At microwave frequencies, what is the ad- 
vantage of using waveguides instead of the con- 
ventional two-wire line? 
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52-4. Disadvantages of Waveguides 


Size is one of the limiting factors in wave- 
guides. One requirement for the transfer of 
energy through a waveguide is that the width of 
the wide dimension must be greater than .5 
the wavelength of the frequency being trans- 
mitted. A frequency lower than this would not 
propagate through the waveguide. The lowest 
frequency which will travel througha waveguide 
is known as the cut-off frequency. It is inter- 
esting to note that the frequencies justabove the 
cut-off frequency will have the least amount of 
attenuation, and is therefore most frequently 
used. To operate a waveguide at 300 mega- 
cycles per second would require a waveguide 
(‘'a'' dimension) of 50 centimeters. As the 
frequency decreases, the size of the waveguide 
must be larger. For example, to transfer 60 
cycles per second, the ''a'"’ dimension would 
have to be approximately 1550 miles wide. 

The installation and operation ofa waveguide 
transmission system is somewhat more difficult 
than for other types of line. The radius of 
bends in the guide must be greater than two 
wavelengths toavoid excessive attenuation. This 
requirement may hamper installations in re- 
stricted spaces. If the guide is dented, standing 
waves will be set up: the attenuation offered to 
a Signal traveling through the waveguide is 
greatly increased. Such faults limit the power 
handling capacity of the system, and make the 
possibility of arc-over more likely. Unless 
great care is exercised in the installation, one 
or two careless joints may nullify completely 
the advantage obtained from the use ofthe wave- 
guide. 

Summarizing, the characteristics of wave- 
guides are as follows: 


i. Advantages 


a. Less loss 
b. Greater power handling capacity 
c. Simpler construction and ruggedness 


Z. Disadvantage s 


a. Size of the waveguide at lower fre- 
quencies 
b. Difficulty of installation 


3. Characteristics 


a. The ''b'' dimension determines the 
maximum transmittable power 

b. The ''a'' dimension determines the 
minimum transmittable frequency 
(cut-off frequency) 


Qo. What is one disadvantage of waveguide? 


52-5. Bound ry Conditions 


The output of the radar transmitter is fed to 
the waveguide. This energy is radiated into the 
waveguide just as the Marconi and Hertz an- 
tennas radiate electromagnetic energy into free 
space. The only difference between antenna and 
waveguide propagation is that the waveguide 
contains and directs the RF energy. 

Since this is electromagnetic energy, it 15s 
convenient to speak of the energy in terms of 
electric (E) and magnetic (H) fields. Electro- 
magnetic radiation is a TRANSVERSE WAVE, 
that is, the wave motion 1s perpendicular to the 
direction of propagation. Waves in water are 
transversial in nature. The wave motion is up 
and down, and it travels in a horizontal direc- 
tion. The electric and magnetic fields that exist 
in the waveguide must do so under specific 
conditions. These are known as BOUNDARY 
CONDITIONS. 

One condition that must be met by the elec- 
tromagnetic field within a waveguide is that the 
field must be continuous throughout the region 
in which the dielectric is constant. This con- 
dition requires that the frequency at one point 
in the waveguide be the same as the frequency 
at any other point. 

A second and more important condition may 
be stated as follows: the electric field (E-field) 
which exists Ina waveguide is always perpen- 
dicular to the surface on which it acts. The 
magnetic field (H-field) is ina direction parallel 
to the surface of the waveguide. The H and E 
fields are always perpendicular to one another. 
The relationship of these fields and their rela- 
tive magnitudes within the waveguide will be 
fully explained when necessary. 


52-6. Energy Propagation ina Waveguide 


An understanding of wave motion in free 
space is helpful in understanding how a trans- 
verse wave would act when it travels through a 
waveguide. An expanding wave front, after it 
has moved several wavelengths from its point 
of origin, can be considered to be an almost 
straight wavefront if the considered portion is 
small. If this wavefront is placed in the con- 
fines of a waveguide, the field will not be able 
to expand at random. There will be a confining 
actionthat will cause the wavefrontto pass down 
the guide. The wavefront moves down the guide 
because of its reflection from the walls of the 
guide. This action may be seen by referring to 
the diagram in Figure 52-13. This diagram 
shows a single wavefront composed of smal] 
particles. 

Particle | strikes the wall, and acting as if 
it were a rubber ball, is bounded from the wall 
at approximately the same velocity. By strik- 
ing the wall, its forward movement is not 
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A4. The b dimension. 
A5. Less radiation loss, less attenuation. 


A6. They are bulky at low frequencies. A two 
wavelength bend is required. 


arrested but redirected. If the wall is perfectly 
flat, the angle of incidence will be the same as 
the angle of reflection. Aninstant later, particle 
2 will strike the wall and be reflected. Because 
allthe particles aretraveling at the same veloc- 
ity, particles 1 and 2 will not change their 
relative position with respect to each other; and 
the reflecting wave will retain the same shape 
asthe original. Particles 3, 4, and5 will reflect 
from the wall in the same manner resulting in 
a new wavefront identical to the original with 
one exception. The reflected wave will be in- 
verted with respect to the incident wave. 

An antenna in free space radiates in all 
directions. However, in the waveguide only 
those components striking the surface of the 
waveguide wall will be considered. After being 
radiated into the guide, the wave will be reflect- 
ed many times as it travels toward the end. In 
Figure 52-14, the top view of an antenna is 
shown. At point 1 energy traveling to point 2 
will be reflected from the wall to point 3. In 
Figure 52-14, only the E-field is shown with the 
wavefronts perpendicular to the direction of 
propagation. The alternations of the wavefront 
are indicated by the positive and negative signs. 
The wavefronts, although curved, are represent- 
ed as a flat plane. The distance between any 
two repeating voltages, positive or negative, 


ANGLE OF 
INCIDENCE 
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represent a wavelength of the transmitted fre- 
quency. After striking the wall, the wavefront 
will be reflected at an angle equal to the angle 
of incidence. It is important to remember that 
the wavefront willbe inverted whenitis reflect- 
ed. In other words, a positive wavefront will 
be reflected as a negative wavefront, and vice 
versa. Since this is true, at the point of reflec- 
tion, the E-field will cancel at point 2, and 
effectively be nonexistent. In Figure 52-15, the 
incident and reflected waves are shown in their 
combined form. Along the entire surface of the 
wall, the resultant E-field will be zero because 
the incident and reflected waves are out of 
phase. At the line A-A', the energy will be in 
phase and will be additive. Continuing outward 
from the wall to line B-B', the result would be 
a condition similar to that at the wall. The 
incident and reflected would be out of phase and 
effectively no E-field would exist there. Since 
the line B-B' represents a zero E-field, or 
POTENTIAL LINE, another metal wall (which 
itself represents a condition of zero voltage) 
could be placed along line B-B' with no effect 
on the wavefronts between them. The second 
wall could be placed anywhere the incident wave- 
fronts and the reflected wavefronts combine to 
give a zero potential line such as line B-B', or 
D-D'. The addition ofthe second wall forms the 
"“a't dimension. 

Each successive zero line in whichthe second 
wall is placed will result in a different type, or 
MODE, of operation. Generally, if the spacing 
between the walls is the smallest, the waveguide 
is operating in the DOMINANT mode. 

Only the E-field has been shown so that the 
reflections could easily be understood. The 
radiated energy is contained in the form of both 





Figure 52-13 - Reflection from a plane surface. 
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~ OF TRAVEL 





Figure 52-14 - Wavefront incident to a 
plane surface. 


E and H fields. One cannot exist without the 
other. Since energy is being reflected from 
both walls, they will combineand form aresult- 
ant field. In the process of radiation, an H-field 
will be generated as shown in Figure 52-16B. 
The H-field will always exist in closed loops. 
This field is the resultant H-field. The com- 
binations of both the E- and H-fields will be the 
resultant electromagnetic energy which will, as 
shown in Figure 52-16C, propagate down the 
guide. 


NOTE: The length of the E lines in Figure 52- 
16A indicate the intensity of the field and not the 
Starting and terminating point of the field. 


A simple rule used to establish the relation- 
ship ofthe direction of travelto the electric and 
magnetic fields is known as the POYNTING 
VECTOR. It states that a screw (right hand 
thread) withits axis perpendicular to theelectric 
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and magnetic fields, would advance in the di- 
rection of propagation if the E-field vector were 
rotated toward the H-field vector through the 
smallest angle. This is sometimes referred to 
as the Right Hand Rule for Electromagnetic 
Energy. A diagram showing how the relation- 
ship of the fields to the direction of travel is 
illustrated in Figure 52-17. 

The cut-off frequency (fco) of a waveguide is 
the lowest frequency that will propagate through 
the guide. It has been stated that energy will 
radiate in all directions from the antenna or 
probe. Since only a small portion of the radi- 
ated energy will travel straight down the guide, 
(this will happen above or below the cut-off 
frequency) the energy that will be reflected 
from the walls of the guide will be the only 
portion considered. The area of maximum 
voltage as shown in Figure 52-18, will occur 
in the center of the guide; and the miminum 
voltage must occur at the wall of the guide. 
Because of this fact, a definite pattern will be 
formed inside the guide. The energy contained 
near the walls will be in the form of a magnetic 
field. 

By examining Figure 52-19, it can be seen 
that only at one angle will the reflections add to 
create a maximum E field in the center of the 
guide, and not at the sides. Notice in Figure 
52-19B that the line 0-0' intersects two zero 
points that are at directly opposite points on 
the wall. In this condition, energy can exist; 
and will propagate through the waveguide. At 
any otherangle, aresultant E field pattern would 
be developed that would require anE fieldto exist 
at the side of the wall as shown in Figure 52-19 
Pe, 

In sections of waveguide in which the ‘a'' 
(wide) dimension is held constant, varying the 
frequency of the transmitter will cause the path 
of propagation to change. This can be seen by 
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Figure 52-15 - Combination of wavefronts incident to, and reflected from, 


a plane surface. 
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TOP VIEW 


SIDE VIEW 
(A) ELECTRIC FIELD 
TOP VIEW 


SIDE VIEW 
(8) MAGNETIC FIELD 


SIDE VIEW 
(C) COMBINED “E" AND "H' FIELDS 


Figure 52-16 - Electric and magnetic fields 
in a waveguide. 
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Figure 52-)7 - The Poynting. vector. 
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Figure 52-19 - Effect of the "'E'' field on the 
angle of propagation. 


applying the rule which states thatthe zero point 
occurs at directly opposite points on the wall. 
This is illustrated in Figure 52-20. As the fre- 
quencyis made lowerand approaches the cut-off 
frequency, the direction of travel becomes more 
perpendicular to the side ofthe wall. Atthe cut-off 
frequency, the wavefront will travel back and 
forth across the guide with no forward motion. 

It should be noted that a wavelength in the 
guide appears to be longer than in free space. 
Due to the reflecting wavefronts combining at an 
angle as shown in Figure 52-2], the wavelength 
inside the guide will always be longer than in 
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Figure 52-20 - Effect of frequency on the 
angle of propagation. 


(TOP VIEW) 





Figure 52-21 - Comparison of free space 
wavelength to guide 
wavelength. 


free space; and is referred to as the GROUP 
WAVELENGTH (X g). This is important in de- 
termining bends, twists and the location of 
coupling devices. 

The velocity of RF energy is considered to 
be 186,000 miles per second. This will be 
referred toas FREE SPACE VELOCITY (VQ). 
This is shown in Figure 52-22. 

Aninteresting phenomenaoccurs inthe wave- 
guide when the wavefront strikes the wall. In 
Figure 52-23, the wavefront is shown moving 
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Figure 52-22 - Relationship of free space 
velocity to group velocity. 
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Figure 52-23 - Comparison of free space 
velocity to phase velocity. 


toward point 2 (at the speed of light). In the 
time it takes, the positive crest will also travel 
along the wall from 3 to 2 in the same time. 
Since the distanceis greater, its speed will also 
be greater. Depending onthe angle of incidence, 
it can be several times the speed of light. This 
is known as the PHASE VELOCITY (Vp). 


Q7. What is the relationship between the E and 
H fields in a waveguide? 


Q8. What is the relationship between the angle 
of incidence and the angle of reflection? 


Q9. What is the relationship of the propagated 
E fields and the walls of the waveguide? 


Q10. What is the dominant mode? 


52-7. Modes of Operation 

Thus far, only the most basic type of E and 
H field arrangement has been shown. It is 
sometimes necessary to have amore complex 
arrangement to facilitate coupling, isolation, or 
types of operation. To describe the various 
arrangements or Modes of operation, the field 
arrangements are first divided into two catego- 
ries: TRANSVERSE ELECTRIC and TRANS- 
VERSE MAGNETIC. 

A field is transverse electric (TE) when the 
electric field is perpendicular to the sides of 
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A7. They are 90° out of phase. 


A8. They are equal. 


A9. The ''E' field components are perpendic- 
ular to the walls and are propagated ina 
direction parallel to the walls. 


AlO. The mode which wasthe lowest cutoff fre- 
quency. 


the guide andhas no components along the length- 
wise axis of the guide. 

A field is transverse magnetic (TM) when 
the magnetic field has no components along the 
length-wise axis of the guide. 

Secondly, subscripts are given to designate 
the exact field arrangement. In rectangular 
waveguides, the first subscript following the 
TE or TM designation indicates the number of 
half wavelengths in the'’A''or wide dimension as 
shown in Figure 52-24. The second subscript in- 
dicates the number of half wavelengths in the''B'' 
dimension. For circular waveguides, the first 
subscript indicates the number of whole wave- 
lengths around the circumference. The second 
subscript indicates the number of half wave- 
lengths along the diameter. 

The mode of operation most often used is 
the DOMINANT mode. Foragiven size of wave- 
guide, this is the mode that has the lowest cut-off 
frequency. Forrectangular waveguidesthe TE}, 
O would be the dominant mode, and for circular 
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Figure 52-24 - Waveguide modes. 


waveguides it would be TE}],)}. The dominant 


mode has the advantage of the least attenuation. 
In circular waveguides, the TMQ , is the 


most often used due to its ease of termination. 
Because of its symmetry, the circular wave- 
guide is especially useful with rotating sections, 
where one sectionis able to rotate without causing 
a change in its ability to transfer energy. Some 
of the more common modesare shownin Figure 
52-24. 


Qll. What is a transverse wave? 


Ql2. What is the advantage of the dominant 
mode? 


52-8. Methods of Coupling and Impedance 
Matching 


There are basically three ways to couple 
energy into and out of a waveguide. Each has 
its own characteristics, and the choice of which 
one is used is based on the external physical 
limitations and design considerations (size, 
mode of operation, attenuation, impedance 
matching, etc.). The coupling between wave- 
guides and coaxial lines will be discussed first. 

The probe, or capacitive coupling, is shown 
in Figure 52-25. Its action is the same as a 
quarter-wave antenna. The outer conductor 
(shield) is connected to the waveguide proper, 
andthe inner conductor is inserted into the guide. 
The probe should be placed in the center of the 
'a'' dimension and a group of wavelengths from 
the closed end of the guide. Wide-band probes 
are often used so that there will be no serious 





Figure 52-25 - Probe coupling. 
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attenuation of a pulsed radar's associated side- 
bands. 

Figure 52-26 shows LOOP or inductive 
coupling. The loop may be placed anywhere on 
the guideas long as itcan be cut by the magnetic 
field. Usually it is placed at a location where 
the H lines are maximum as in Figure 52-26B. 
The outer conductor of the coaxial line is ground- 
ed to the waveguide chassis, and the inner 
conductor forms a loop inside the guide. It is 
then grounded. The large current that flows 
establishes a correspondingly large magnetic 
field, and transformer action transfers the 


energy. 


/ 
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Figure 52-26 - Loop coupling. 


The third method usually employed as a 
coupling device between two cavity sections, or 
between a resonant cavity and waveguide, is 
called APERATURE or SLOT coupling. This 
type of coupling is shown in Figure 52-27. The 
idea here is that if a hole is put in a waveguide 
wall, some of the energy will leak through. 
Depending onthe location ofthe slot, the coupling 
canbe Elines, Hlinesor E andH lines combined. 
In Figure 52-27, slot A shows E line coupling, 
slot B shows H line coupling, and slot C shows 
E and Hi line, or electromagnetic coupling. As 
a rule, if the hole breaks a current path, or if 
the hole disrupts the electric field where it is 
not equal to the H field, the transfer of energy 
will occur. Any oneof these methods mentioned 





Figure 52-27 - Aperature or slot coupling. 
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can be used to couple energy into or out of the 
waveguide. 

When connecting two waveguides of different 
size and different impedances, several methods 
may beemployed. A section of waveguide called 
a FLARED MATCHING SECTION is used to 
match impedances. It is a device which has a 
gradually expanding dimension. It is shown in 
Figure 52-28. Flaring permits the electro- 
magnetic fields to expand or contract smoothly 
to fit the new size of waveguide. If the change 
is made gradually, there will be no reflections 
back into the original waveguide section. 


WAVEGUIDE 


MATCHING 
SECTION 


WAVEGUIDE 





Figure 52-28 - Flared matching section. 


This same principle is used to match the 
impedance of the waveguide to free space. The 
FEED HORN permits the field to expand during 
transmit, or contract during receive. The 
flaring is gradual to prevent the formation of 
Standing waves. The open end of the feed horn, 
shown in Figure 52-29, is covered with a di- 
electric material (usually plastic) to prevent 
foreign material from entering into the guide 
resulting in reflection. 

Quarter-wave sections of waveguide can also 
be used to match impedances between different 
size waveguides. This matching section is 
shownin Figure 52-30. The sizeofthe matching 
sectionand the size ofits apertures can bemade 
to give a proper impedance match. 

If the connection is to be made between two 
waveguides of the same size, a choke joint is 
used. A typical choke joint is shown in Figure 
92-31. Solder joints would not be practical be- 
cause if solder were permitted to drop inside 
the joint, reflections would occur. Also if the 
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Figure 32-29 - Feed horn. 
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All. The wave is transverse when its motion 
is perpendicular to the direction of prop- 
agation. 


Al2. Itpossesses the leastamount of attenuation 
and is the most efficient mode. 





Figure 52-30 - Quarter-wave matching section. 
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Figure 52-31 - Choke joint. 


joint was not completely sealed, energy would 
be lost. By using the choke joint, both of these 
disadvantages are overcome. Thedistance from 
A to B isa quarter wavelength, and the distance 





from BtoC is also a quarter wavelength. The 
short circuit at point A will reflect back a short 
to the inner surfaces of the wall. Since this is 
the normal condition at the surface of the wall, 
there will be little orno energy lostat the joint; 
and the energy will travel past with no effect on 
the field patterns. 

Very seldom will a radar set be found which 
has no bends ortwists in the waveguide system. 
Since any abrupt change in the waveguide size 
would cause reflections, all bends and twists 
should be made gradually. Figure 52-32 shows 
the more common bends and twists. Ifthe bends 
have a radius of at least two wavelengths, the 
energy will be able to complete the bend witha 
minimum of attenuation. The twists will be 
made so that it will take place over a distance 
of greater than two wavelengths so that there is 
little attenuation. 

If a small mismatch occurs ina waveguide 
system, an inductive or capacitive impedance 
can be introduced near the mismatch, which if 
of the proper value, will make the waveguide act 
as a non-resonant ormatched system. METAL 
PARTITIONS or IRISES are used as matching 
devices. 

The metal partitions are placed in the guide 
as shown in Figure 52-33. The inductive partition 
is placed in the area of maximum H lines. The 
partition will change the permisability which 
will, in turn, change the value of inductance 
and impedance. This action is similar to in- 
ductive tuning of a tank circuit by varying the 
permisability of the inductive tuning coil. 

The capacitive partitionis located inthe area 
of maximum E lines. The capacitive partition 
will change the distance across which the E 
lines must exist, which will change the ca- 
pacitance and the impedance. This is similar 
to changing the distance between the plates ofa 
capacitor tovary the capacitor. One disadvantage 
of using a capacitive partition, however, is the 
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Figure 52-32 - Waveguide bends and twists. 
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(C) REACTIVE (D) RESISTIVE 





Figure 52-33 - Waveguide partitions. 


lowering of the power handling capabilities be- 
cause the ''b'' dimension is made smaller. 

If the partition is located in both the area of 
E andH fields, the partition is considered re- 
active. Depending on its size, it could be ca- 
pacitive, inductive, or resistive. A _ reactive 
partition may appearas a high resistance to the 
dominant mode, but to a higher mode it could 
appearasalow shunt impedance. Inthismanner, 
it could be used very effectively as a mode 
suppressor. It would have no effect on the de- 
sired or dominant mode. 


52-9. Terminating a Waveguide 


Since a waveguide is a single conductor, it 
is not as easy to define its characteristic im- 
pedance (Zo) as it is for the coaxial line. It 
can, however, be thought of as being approx- 
imately equal to the ratio of the strength of the 
electric field tothe strength ofthe magnetic field 
forenergy travelling in onedirection. This ratio 
is equivalent to the voltage to current ratio in 
coaxial lines on which there are no standing 
waves. 

Four methods which are used to terminate 
waveguides are shown in Figure 52-34. In 
Figure 52-34A, the energy is absorbed by a flat 
plate of resistive material placed across the 
inside ofthe guide. In Figure 52-34B, the energy 
is dissipated by a rod of resistive material 
across the guide. In Figure 52-34C, the energy 
is dissipated by a small particle of resistive 
material suspended across the high voltage 
points. In Figure 52-34D, the energy is dissi- 
pated by a mass of carbon-coated cloth or 
graphite sand. 

In general, the resistive material acts asa 
resistive load to dissipate energy through I2R 
losses. If the material has a low impedance, it 
should be placed where the ratio of E lines to 
H lines is low; however, if the material has a 
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Figure 52-34 - Methods of terminating a 
waveguide. 


high impedance, it should be placed where the 
E lines are maximum. This conditionis similar 
to picking the proper E/] ratio ona two-wire 
resonant line for matching purposes. 

A resistive partition is placedin the guide so 
that it will dissipate energy. It is usually some 
carbon or graphite impregnated material. Its 
purpose is to serve asa resistive load to min- 
imize reflections. It should be realized that by 
altering the size of a waveguide will change its 
characteristic impedance. The partitions are 
just one of the many ways of changing imped- 
ances. 


Q13. What are three types of coupling? 
Q14. Why must a waveguide be flared? 


Q15. What is the purpose of a partition? 


52-10. Cavity Resonators 


The firsttype of resonant circuit encountered 
in ordinary radio work usually consists ofa coil 
of wire with a capacitor shunted across its 
terminals. This is shown in Figure 52-35A. 
To increase the resonant frequency, the induct - 
ance, capacitance or both must be reduced, 
since the resonant frequency equals: 


1 
4 
2 nVLC 


A frequency will finally be reached at which the 
inductor, L, is a single turn of wire, and the 
capacitor, C, consists of the distributed ca- 
pacitance across the opposite sides of the same 
turn. 

The resonant frequency cannot be increased 
further by the addition of several quarter-wave 
(Lecher Line) lines in parallel as shown in 
Figure 52-35B, because connecting the lines in 
parallel decreases the inductance in the same 
proportion that the capacitance is increased 
leaving the resonant frequency unchanged. How- 
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Al3. Loop, slot, and probe coupling. 
Al4. To prevent standing waves. 
Al5. Their use will change the "a" and ''b" 


dimensions while accomplishing acorrect 
impedance match. 


(A) L-C TANK CIRCUIT 
FOR LOWER RF 


(B) LECHER LINE TANK 
CIRCUIT FOR UHF 
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Figure 52-35 - Development of cavity 
resonators. 


ever, an important benefit is gained by paral- 
leling the quarter-wave lines. The area in 
which current can flow is greatly increased, 
thereby decreasing the resistance, and increas- 
ing the circuit Q. 

Since the resonant frequency is not affected 
by the number of quarter wavelines connected 
together at their open ends (high impedance 
points), the diagram of Figure 52-35C can be 
filled in completely to form a cylinder with 
closed ends as shown in Figure 52-35D. This 
cylinder is called a CAVITY RESONATOR. The 
function of a cavity resonator is similar to that 
of any coil and capacitor resonant circuit. The 
Q is high, and the circuit is very selective. It 
will only resonate over an extremely narrow 
frequency range. Because of its physical size, 
the cavity resonator is practical only in the 
microwave frequency range. For example, at 
one megacyclethe cavity would be about 100 feet 
long; but at 1000 megacycles, the size would be 
measured in inches instead of feet. 

The boundry conditions for waveguides also 
apply to cavity resonators because the fields 
generated are entirely inside the cavity as they 
are ina waveguide. No E or H lines exist out- 
side the closed cavity, and electron flow is 
limited to a thin layer of metal on the inside 
surface of the cavity. 

In the cavity, the electric and magnetic fields 
are 90° outof phase which will produce standing 





waves. A comparison can be made between a 
flat transmission line and a resonant trans- 
mission line where the resonant line has the 
voltage and current standing waves 90° out of 
phase. 

Modes in cavities usually are designated bya 
three-number system instead of the two-number 
system usedin waveguides. The third subscript 
signified the number of half-wave patterns 
crossed perpendicular to the transverse field. 
Thus, the mode of Figure 52-36 is classified as 
TM 0, 1,0 for a cylindrical cavity. 


"E" LINES 





Figure 52-36 - Fields in a cavity resonator. 


The same cavity can oscillate at several 
different modes depending upon the manner in 
which itis energized. Standing waves may be 
formed by reflection from various surfaces so 
that a cavity usually can resonate at several 
fundamental frequencies as well as harmonics 
of the fundamentals. Figure 52-37 shows cavity 
resonators of various shapes. 

The flow of electrons ina cavity resonator 
is confined to an exceedingly thin layerof metal 
on the inside surface of the cavity. This layer 





Figure 52-37 - Cavity shapes. 


Chapter 52 - WAVEGUIDES AND CAVITIES 63 


should present as low a resistance as possible 
so that loss will be negligible. Cavities may be 
made from thin sheets of copper or from some 
metals plated with silver, copper, or goldon the 
inside. In some cases, cavities may be con- 
structed from nonconducting materials with the 
inside sprayed with a thin layer of metal or 
covered with metal foil. Cavities used for 
precision frequency measurement often are 
made by hollowing out solid blocks of metal so 
that the dimensions (and resonant frequency) do 
not change. The extra amount of metal is used 
for mechanical strength and rigidity only, and 
contributes nothing towards lessening the re- 
sistance to the high-frequency current flow. 

Energy is coupled into and out of cavities by 
the same methods used in waveguides i.e. 
probe, loop and aperture, or slots. 

There is an additional way to couple energy 
into a cavity. The REENTRANT CAVITY is 
slightly different than other types of cavities. 
An illustration of the reentrant cavity is shown 
in Figure 52-38. The center portion has open- 
ings through which a stream of electrons are 
passed. If the electrons are formed in bunches 
or groups, the edges of the center wall will feel 
a varying potential as the bunches of electrons 
travel through. The dense bunch of electrons 
are negative with respectto a less dense bunch. 
As the electron bunches pass through the cavity, 
if properly timed and spaced, they will give up 
energy to the fields inthe cavity. This method 
is commonly employedin microwave oscillators. 

The Q of the reentrant cavity is lower than 
other cavity shapes (approximately 4000 as 
compared to cylindrical type which may be as 
high as 31,000). 

Energy can be coupled out of a reentrant 
cavity in the same manner as it was coupled in. 
An electron beam travelling through the cavity 
will form in bunches as it is passed through the 
cavity 1f there is an existing oscillating field. 


FRONT SECTION 





Figure 52-38 - Reentrant cavity. 
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This forming or bunching is taking energy away 
from the existing field. 

The resonant cavity which is used as a tank 
circuit at microwave frequencies may often 
require tuning. Tuning is accomplished by 
changing the size of the cavity to achieve a new 
resonant frequency. The first method will be 
changing the size or volume of the cavity as 
shown in Figure 52-39A. By moving the ad- 
justable plunger, the half-wave dimension is 
changed. This would cause the cavity to have 
a half-wave dimension for another frequency. 
If the volume is decreased, the cavity will 
resonate at a higher frequency. If the volume 
is increased, the resonant frequency would be 
lower. 

Figure 52-39B shows capacitive tuning. An 
adjustable slug or screw is placed in the area 
ofmaximum E lines. D! represents the distance 
between two capacitor plates. As the slug is 
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Figure 52-39 - Methods of varying the 
resonant frequency of 
the cavity. 
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moved in, the distance between the two plates 
would become smaller, and the capacitance 
would increase causing a decrease in the res- 
onant frequency of the cavity. If the slug is 
moved out, the resonant frequency of the cavity 
would increase. 

By placing a non-magnetic slug in the area 
of maximum H lines (Figure 52-39C), a similar 
effect is obtained. By moving the inductive slug 
in, the magnetic lines of flux are interfered 
with. The further into the cavity the slug is 
moved, the more magnetic lines of flux it will 
interfere with. This decreases the permis- 
ability of the space in which flux can exist, 
lowering the inductance, and raising the resonant 
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frequency of the cavity. By moving the slug out, 
the resonant frequency will decrease. 

In most applications a micrometer type ad- 
justmentis used for tuning toinsure some amount 
of accuracy. Some of the main uses of resonant 
cavities are: impedance matching, microwave 
oscillators, filters, and wavelengthor frequency 
measurement. 


Q16. How do the mode designations for the 
cavity resonator differ from those usedin wave- 
guides? 


Ql7. What are the three methods of cavity 
tuning ? 
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EXERCIS& Sz 


What is the relative magnitude of the input 
impedance of a shorted quarter-wave 
transmission line stub support? 

How is the waveguide conceptderived from 
the two-wire transmission line supported 
by quarter-wave stubs? 

In the course of the evolution from a two- 
wire transmission line to a waveguide, do 
the electromagnetic field configurations 
remain the same? Why? 

In what form is energytransmitted through 
a waveguide? 

What is the relative magnitude of the electric 
field component of an electromagnetic wave 
at the boundary surface of a waveguide if 
the electric fieldis parallel tothe surface? 
When an electric field (or voltage) attempts 
to exist across a perfect conductor, what 
action occurs? 

What is the relative magnitude of the mag- 
netic field componentof anelectromagnetic 
wave atthe boundary surface ofa waveguide 
if the magnetic field is perpendicular to the 
surface? 

When a magnetic field tends to cut through 
a conductor and a voltage is induced that 
sets up a current in the conductor, what 
action occurs between the magnetic field 
created by the current and the exciting 
magnetic field? 

When a waveis reflected from a conducting 
boundary, what action occurs? 

Which velocity is used to compute the length 
of time required for a wave to propagate 
through a waveguide of given length? 

What is the guide width in terms of the 
wavelength corresponding to the cut-off 
frequency of the guide? 

For a given waveguide, is the cut-off fre- 
quency the highest or the lowest frequency 
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that can be propagated down the guide with- 
out excessive losses? 

At frequencies slightly above cut-off, isthe 
principal loss due to the skin effect? At 
higher frequencies, what is the principal 
loss due to? 

What is a fundamental law describing the 
configuration of magnetic flux lines? 

What is the assumed direction of motion of 
the field when applying the left-hand rule 
for induced current (electron flow) in the 
walls of a waveguide? 

In designating the mode of operation of a 
rectangular waveguide, whatis the meaning 
of the letters TE? 

What does the first subscript number in 
TE 3,9 indicate? What does the second 
subscript indicate ? 

What is the meaning of the designation 
TM |], }] when applied to rectangular wave- 
guides? 

What is the meaning of dominant mode when 
applied to a particular waveguide ? 

Whatis the designation fora dominant mode 
of operation for rectangular waveguides? 
State five reasons why the dominant mode 
for rectangular waveguides in the mode 
most commonly used. 

At radar frequencies, why is it impossible 
to use lumped components of inductance 
and capacitance? 

What is the distance from the closed end of 
a waveguide tothe excitation probein terms 
of quarter wavelengths? 

Loop coupling between the coaxial line and 
cavity resonator couples to what component 
of the electromagnetic wave? 

When connecting waveguides of different 
sizes and shapes together, what two methods 
of avoiding reflections are employed? 
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Al6. 


AlT. 


By an additional number. The number 
signifies the number of half-wave patterns 
crossed perpendicular to the transverse 
field. 


Changing the physical dimensions of the 
cavity, and by changing the inductance or 
capacitance of the cavity by means ofa 
probe. 
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CHAPTER 53 


MAGNETRON, DUPLEXERS, AND ANTENNAS 


Before the days of modern radar, equipment 
operated at considerably lower frequencies. 
Early radar used special triodes as high power 
oscillators. Triodes have been used as oscil- 
lators in radio transmitters for many years and 
are simple and effective. However, triodes are 
not efficient at the higher frequencies and the 
high power levels required for a pulse radar. 
At the frequencies used presently by most radars, 
the effect of interelectrode capacitance in the 





triode becomes very significant. From the 
formula 
1 
{, = == (11-16) 
Za WLC 


it can be seen that the frequency generated by 
a tuned circuit increases as the value of L and 
C decrease. The interelectrode capacitance of 
a triode can be reduced by making the tube 
elements smalleror by increasing the separation 
betweentheelements, However, asthe elements 
are moved farther apart, electron transit time 
is increased, an undesirable condition at radar 
frequencies. Since the interelectrode capaci- 
tance can be reduced by increasing the distance 
betweenthe elements, itappears that the transit 
time is theprimary reason aconventional triode 
cannot be used at frequencies about 500 mega- 
cycles, 

Exhaustive research was conducted in an 
attempt to make the triode serve as an efficient 
oscillator at radar frequencies but without suc- 
cess. However, special triodes with short, 
large diameter leads that are known as acorn 
tubes and door knob tubes werea valuable by- 
productof thiseffort. Thesetubesare presently 
used effectively as amplifiers at very high fre- 
quencies (VHF) and ultrahigh frequencies (UHF). 
They are limitedin frequency and power handling 
capacity. They have never been efficient as 
radar oscillators operating at frequencies 
greater than 2,000 megacycles. 

The invention of the magnetron, bythe British, 
ushered in a new era in radar. Here was a 
lightweight, high frequency oscillator that could 
produce a usable output with a power level that 
was unheard of before. The magnetron was 
found capable of producing output signals of up 
to 100,000 megacycles and power levels up to 
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6 megawatts. Of course, with 
came new problems. Newcircuits had to be de- 
Signed to operate magnetrons, new types of 
modulators, new types of filament supply cir- 
cuite, etc. 


this discovery 


MAGNE TRONS 


53-1. Characteristics and Construction 

The magnetron is an oscillator unlike any 
other that has previously been discussed in 
this text. The magnetron is a self-contained 
unit. That is, it produces an ultra-high fre- 
quency output within its enclosure without the 
use of external components such as a crystal, 
inductors, capacitors, etc. 

Basically, the magnetron is a diode and has 
no grid. A magnetic field in the space between 
the plate and the cathode serves as a grid. The 
plate of a magnetron does not have the same 
physical appearance as the plate of an ordinary 
vacuum tube. Since conventional LC networks 
become impractical at radar frequencies, the 
plate is fabricated into a cylindrical copper 
block containing resonant cavities which serve 
as tuned circuits. The magnetron base differs 
greatly from the conventional base. It has short, 
large diameter leads that are carefully sealed 
into the tube and shielded, as shown in Figure 
53-1. 

The cathode and filament are at the center 
of the tube. It is supported by the filament 
leads which are large and rigid enough to keep 
the cathode and filament structure fixed in po- 
Sition. The output lead is usually a probe or 
loop extending into one of the tuned cavities and 
coupled into a waveguide or coaxial line. The 
plate structure, as shown in Figure 53-2, isa 
solid block of copper. The cylindrical holes 
around its circumferenceare resonant cavities. 
A narrow slot runs from each cavity into the 
central portion of the tube and divides the inner 
structure into as many segments as there are 
cavities, Alternate segments are strapped to- 
gether to put the cavities in parallelwith regard 
to the output. These cavities control the output 
frequency. Thestraps arecircular metal bands 
that are placed across the top of the block at the 
entrance slots to thecavities. Since the cathode 
must operate at high power, it must be fairly 
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Figure 53-1] - 


largeand must be able towithstand high operating 
temperatures, It must also have good emission 
characteristics, particularly under back bom- 
bardment, because much of the output power is 
derived from the large number of electrons 
emitted when high velocity electrons return to 
strike the cathode. The cathode is indirectly 
heated, and is constructed of a high emission 
material. The open space between the plate 
and the cathode is called the INTERACTION 
SPACE because it is inthis space that the electric 
and magnetic fields interact to exert force 
upon the electrons. 

The magnetic field is usually provided by 
a strong permanent magnet mounted around the 
magnetron so that the magnetic field is parallel 
with the axis of the cathode. The cathode is 
mounted in the center of the interaction space. 


Ql. What controls the output frequency of the 
magnetron? 


OuTee® CCemuc fO8 
OF COasim cove 


Cieette® CONDUCTOR 
Of COANiaAl LINE 


ALTERNATE SEGmaENTS OF 
Pale STRAPPED 1OGETREO 








Magnetron. 


Q2. Since there is no grid in the magnetron, 
what controls the flow of plate current? 


53-2, Basic Magnetron Operation 


The theory of operation of the magnetron 
is based on the motion of electrons under the 
influence of combined electric and magnetic 
fields. The following laws govern this motion. 

The direction of an electric field is from the 
positive electrodeto the negativeelectrode, The 
law governing the motion of an electron in an 
electric, or E field, statesthat the force exerted 
by an electric fieldon anelectron is proportional 
to the strength of the field. Electrons tend to 
move froma point of negative potential toward a 
positive potential as shown in Figure 53-3. In 
other words, electrons tend to move against the 
E field. 

When an electron is being accelerated by an 
E field, as shownin Figure 53-3, energy istaken 
from the field by the electrons. 
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Figure 53-2 - Cutaway view of a magnetron. 
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Figure 53-3 - Electron motion in an electric 
field. 


The law of motion of an electron ina mag- 
netic, or H field, states that the force exerted 
on an electron in a magnetic field is at right 
angles to both the field and the path of the elec- 
tron. The direction of the force is such that 
the electron trajectories are clockwise when 
viewed in the direction of the magnetic field as 
shown in Figure 53-4. 

In Figure 53-4, it is assumed that a south 
pole is below the paperand anorth pole is above 
the paper so that the magnetic field is going 
into the paper. When an electron is moving in 
space a magnetic field is built around the elec- 
tron just as there would be a magnetic field 
around awire when electrons are flowing through 
awire, The familiar left-hand rule can be used 
to find the direction of the magnetic field ex- 
isting around amoving electron. Notein Figure 
53-4 that the magnetic field around the moving 





Figure 53-4 - Electron motion in a magnetic 
field. 





electron addsto the permanent magnetic field on 
the left side of the electron path and subtracts 
from the permanent magnetic field on the right 
side of the electron path, thus weakening the 
field on that side. Therefore, the electron 
path bends to the right (clockwise). If the per- 
manent magnetic field strength is increased, 
the electron path will bend sharper. Likewise, 
if the velocity of the electron increases, the 
field around it increases and its path will bend 
more sharply. 

A schematic diagramof a basic magnetron 1s 
shown in Figure 53-5. 

The tube consists of acylindrical plate with a 
cathode placed coaxially with it. The tuned cir- 
cuit (not shown) in which oscillations take place 
are cavities physically located.in the plate. 

When no magnetic field exists, heating the 
cathode results in a uniform and direct move- 
ment in the field from the cathode to the plate, 
as illustrated in Figure 53-5B. However, as 
the magnetic field surrounding the tube is in- 
creased, a single electron is affected as shown 
in Figure 53-6. In Figure 53-6A, the magnetic 
field has been increased to a point where the 
electron proceeds to the plate in a curve rather 
than direct path. 

In Figure 53-6B, the magnetic field has 
reached a value great enough to cause the elec- 
tron just to miss the plate and return to the 
filament in a circular orbit, This value is the 
critical value of field strength. In Figure 53-6C, 
the value of the field strength has been increased 
to a point beyond the critical value, and the 
electron is made to travel to the cathode ina 
circular path of smaller diameter. 

Figure 53-6D shows howthe magnetron plate 
current varies under the influence of the vary- 
ing magnetic field. In Figure 53-6A, the elec- 
tron flow reaches the plate, so that there isa 
large amountof plate current flowing. However, 
when the critical field value is reached, as 
shown in Figure 53-6B, the electrons are de- 
flected away from the plate; and the plate cur- 
rent drops abruptlyto a very small value. When 
the field strength is made still larger, Figure 
53-6C, the plate current drops to zero. 
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Figure 53-5 - Basic magnetron. 
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Al. The cavities. 


A2. A magnetic field in the space betweenthe 
cathode and plate of the magnetron serves 
as a grid to control the flow of plate cur- 
rent, 





When the magnetron is adjusted to the plate- 
current cut-off or critical value, and the elec- 
trons just fail to reach theplatein theircircular 
motion, the magnetron can produce oscillations 
at an ultra-high frequency by virtue of the cur- 
rents induced electrostatically by the moving 
electrons. This frequency is determined by the 
time it takes the electrons to travel from the 
cathode toward the plate and back again. A 
transferof ultra-high frequency energy to a load 
is made possible by connecting an external cir- 
cuit between the cathode and plate of the magne- 
tron. Magnetron oscillators are divided into 
two classes, NEGATIVE RESISTANCE and 
ELECTRON RESONANCE magnetron oscilla- 
tors. 

A negative resistance magnetron oscillator 
operates by reasonof a static negative resistance 
between its electrodesand hasa frequency equal 
to the natural period of the tuned circuit con- 
nectéd ‘to. thé tobe. 

An electron resonance magnetron oscillator 
operates by reason of the electron transit time 
characteristics of a vacuum tube, that is, the 
time it takes electrons to travel from cathode 
toplate. Thisoscillator is capable of generating 
very large peak power outputs at frequencies 
in the thousands of megacycles. Although its 
average power output over a period of timeis 
low, it can put out very high power oscillations 
in short bursts of pulses; and is well adapted 
for pulse radars. 


Q3. Will an electron travelling against the E 
lines in an electric field gain or lose energy ? 
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Figure 53-6 - Effect of magnetic field on single 
electron. 





Q4,. What causes an electron to travel ina 
curved path when it is moving perpendicular 
through an H field? 


Q5. How do the electrons travel ina magnetron 
when the critical H field strength is applied? 


59=3., Negative Resistance Magnetron 


The split-anode negative resistance mag- 
netron is a variation of the basic magnetron 
which operates at a higher frequency, and is 
capable of moreoutput. Its generalconstruction 
is similar to the basic magnetron, except that 
it has a split plate as shown in Figure 53-7. 
These half plates are operated at different po- 





Figure 53-7 - Split-anode magnetron and its 
output. 


tentials to provide an electron motion as shown 
in Figure 53-8. The electron leaving the cathode 
and progressing toward the high potential plate 
is deflected by the magnetic field at a certain 
radius of curvature. After passing the split be- 
tween the two plates, the electron enters the 
electrostatic field set up by the lower potential 
plate. 

Here the magnetic field has more effect on 
the electron, which is deflected at a smaller 
radius of curvature. The electron then con- 
tinues to make a series of loops through the 
magnetic field and electric field until it finally 
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Figure 53-8 - Movement of electron ina 
split-anode magnetron. 
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falls on the low potential plate. 

Oscillations can be started by applying the 
proper value of magnetic field to the tube. The 
value of field required is somewhat beyond the 
critical value which, for the split anode tube, 
is the field required to cause all electrons to 
miss the plate when its halves are operating at 
the same potential. However, the alternating 
voltages impressed onthe plates as a result of 
the oscillation generated in the tank circuit will 
cause electron motion such as that shown in 
Figure 53-8, and current will flow. Sincea 
very concentrated magnetic fieldis required for 
the negative resistance magnetron oscillator, 
the length of thetube plate is limited to a few 
centimeters for a magnet of reasonable dimen- 
sions. In addition a small diameter tube is 
required to make the magnetron operate ef- 
ficiently at ultra-high frequencies, For this 
reason, a heavy-walled plate is used to increase 
the radiating properties of the tube. To obtain 
still greater dissipation, tubes with high out- 
puts use an artificial cooling method such as 
forced air or water cooling. 

The output of magnetrons is somewhat reduced 
by the bombardment of the filament by electrons 
which travel in loops 53-6B and C. This effect 
causes anincrease of filament temperature under 
certain conditions of high magnetic field and 
high plate voltage: and sometimes results in 
unstable operation of the tube. The effects of 
filament bombardment can be compensated for 
by operatingthe filament at reduced voltage. In 
some cases, the plate voltage and field strength 
also are reduced toprevent destructive filament 
bombardment. 


Q6. Why isthe magnetron filament voltage often 
reduced after the magnetron is operating? 


53-4. Electron Resonance Magnetron 


In the electron resonance type of magnetron, 
the plate itself may be so constructed as to 
resonate and function as a tank circuit. Thus, 
there are no external tuned circuits; power is 
delivered directly from the tube toa transmission 
line as shown in Figure 53-9. The tube con- 
stants and operating conditions are such that 


SHORTED END 


TRANSMISSION 





Figure 53-9 - Plate tank circuit of magnetron. 


the electron paths are somewhat different from 
those in Figure 53-8. Instead of having closed 
Spirals or loops, the path is a curve having a 
series of abrupt points as illustrated in Figure 
53-10. Ordinarily, this type of magnetron also 





Figure 53-10 - Electron path in electron 
resonance magnetron, 


has more than two segments inthe plate. For 
example, Figure 53-10 illustrates an eight- 
segment plate. 

This type of magnetron is the most widely 
used at present for ultra-high and super-high 
frequencies. Modern designs have a resonably 
high efficiency and relatively highoutput. How- 
ever, one disadvantage of the electron resonance 
magnetron is that its average power is limited 
by the cathode emission. Furthermore, the 
peak power is limited by the maximum voltage 
which it can withstand without injury. Three 
common types of anode blocks used in electron- 
resonance magnetrons are shown in Figure 
53-11. 

The first type shown in Figure 53-11 has 
cylindrical cavities. This type is called a 
HOLE-AND-SLOT anode. The second type is 
called the VANE anode which has trapezoidal 





Figure 53-11 - Common types of anode blocks. 
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A3. The electron will gain energy. 


A4. The interaction between the field about the 
electron and the H field. 


A5. The electrons travelincircles just missing 
the anode and returning to the cathode. 


A6. To reduccthe effects of filament bombard- 
ment. 


cavities. These first two anode blocks operate 
in such a way that alternate segments must be 
connected, or strapped to insure that each seg- 
ment is opposite in polarity to its neighboring 
segment on either side as shown in Figure 53-12. 
This also requires an even number of cavities. 

The third type, illustrated in Figure 53-11, 
is called a RISING SUN block because of its 
appearance. The alternate large and small 
trapezoidal cavities in this block results ina 
Stable frequency between the resonant fre- 
quencies of the large and the small cavities. 

Figure 53-13A shows the physical appearance 
of the resonant cavities contained in the hole 
and slot anode which we will use when analyzing 
the operation of the electron resonance mag- 
netron. 

Notice that the cavity consists of a cylindrical 
hole in the copper anode, anda slot which con- 
nects the cavity to the interaction space. 

The electrical equivalent circuit of the cavity 
and slotis shownin Figure 53-13B. The parallel 
sides of the slot form the plates of a capacitor, 
while the walls of the hole act as an inductor. 
The hole and slot thus form a high Q resonant 
LC circuit. As shownin Figure 53-11, the anode 





Figure 53-12 - Strapping alternate segments. 





Figure 53-13 - Equivalent circuit of a hole and 
slot cavity. 


of a magnetron contains a number of these 
cavities, 

An analysis of the anode in Figure 53-11 
would reveal that the LC tank of eachcavity are 
in series as shown in Figure 53-14. This is 
assuming the straps had been removed. How- 
ever, an analysis of the anode block after al- 
ternate segments had been strapped in Figure 
53-12 will reveal that the cavities are now 
connected in parallel. This is due to the strap- 
ping. The result is shown in Figure 53-15. 


Q7. What is the equivalent circuit of a strapped 
anode block? 


53=5. Operation of the Electron Resonant Mag- 


netron 

The electric field in the electron resonant 
oscillator is a product of an ac and a dc field. 
The dc field, previously described, extends 
radially betweenadjacent anode segments by the 
RF oscillations induced in the cavity tank cir- 
cuits of the anode block. 

Figure 53-16 shows the ac fields between ad- 
jacent segments at aninstant of maximum mag- 


Figure 53-14 - Cavities connected in series. 
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Figure 53-15 - Cavities in parallel due to 
strapping. 


nitude of one alternation in the RF oscillations 
occurring in the cavities. 

The strong dc field going from anode to 
cathode, due to alarge negativedc voltage pulse 
applied to the cathode is not shown in Figure 
53-16, but is assumed to be present. It is 
actually this strong dc field which causes elec- 
trons to accelerate toward the plate (anode) 
after they have been emitted from the cathode. 
Earlier it was pointed out that an electric (E) 
field went from a positive electrode to a nega- 
tive electrode. Also, anelectronmoving against 
an E field would be accelerated by the field thus 
taking energy from the field. An electron would 
give upenergy to a field and slow down if it were 
moving inthe same directionas the field (positive 
to negative). Oscillations are sustained in a 
magnetron because electrons gain energy from 
the dc field, and give up this energy to the ac 
fields as they pass through these fields. These 
electrons are sometimes referred to as WORK- 
ING electrons. However, not all of the elec- 
trons give up energy to the ac fields. Some 





Figure 53-16 - Probable electron paths in an 
electron resonant magnetron 
oscillator——RF oscillations 
occurring, 


electrons may actually take energy from the ac 
fields. This action is undesirable, 

In Figure 53-16 consider electron Q), which 
is shown entering the field around the slot en- 
trance to cavity A. The clockwise rotation of 
the electron path is due to the interaction of the 
magnetic field around the moving electron with 
the permanent magnetic field (H field) which is 
assumed to be going into the paper in Figure 
53-16. The action of an electron moving in an 
H field was explained earlier and illustrated in 
Figure 53-4. Notice that electron Q) which has 
entered the ac field around cavity A is going 
against this ac field. Thus, it will take energy 
from theac field and be accelerated, The elec- 
tron will turn more sharply when its velocity 
increases as was explained earlier. Thus, 
electron Q) will turn back toward the cathode. 
When it strikes the cathode, it will give up the 
energy it received from the ac field in the form 
of heat. This will also force more electrons to 
leave the cathode and accelerate toward the 
anode. Electron Q> is, therefore, slowed down 
by the field and gives up some of its energy to 
the ac field. Since electron Q9 looses velocity, 
the deflective force exerted by the H field is 
reduced and the electron path deviates to the left 
in the direction of the anode, rather than return 
to the cathode as did the former electron Q]. 

The cathode to anode potential and the mag- 
netic field strength (E field to H field relation- 
ship) determines the time taken by the electron 
Q? to travel from a position in front of cavity B 
to a position in front of cavity C. Cavity C is 
equal to approximately one-half cycle of the RF 
oscillation of the cavities. When electron Q) 
reaches a position in front of cavity C, the ac 
field of cavity C will be reversed from that 
shown. 

Therefore, electron Q2 will give up energy 
to the ac field of cavity C and will slow down 
more. Electron Q2 will actually give up energy 
to each cavity as it passes and will eventually 
reach the anode when its energy is expended. 
Thus electron Q2 will havehelped sustainoscil- 
lations because it has taken energy from the dc 
field and given it to the ac fields. Electron Q) 
which took energy from the ac field around 
cavity A did little harm because it immediately 
returned to the cathode. 

Electrons such as Q?2 which give up energy 
to the ac field as they rotate clockwise from 
one ac field to the next arecalled working elec- 
trons, and stay in the interaction space for a 
considerable time before striking the anode. 

The commulative action of many electrons 
being returned to the cathode and directed to- 
ward the anode torms a pattern resembling the 
spokes of a wheel. Since the motion of an in- 
dividual electron in the field is in the clockwise 
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A7. A group of resonant circuits connected in 
parallel. 





direction as indicated in Figure 53-17. Elec- 
trons in the spokes of thewheel are the working 
electrons. 

This overall space charge wheel rotates 
about the cathode at an angular velocity of two 
poles (anode segments) percycleof the ac field, 
and of a phase that enables the concentration to 
continuously deliver energy to sustain the RF 
oscillations. Electrons emitted from the area 
of the cathode between the spokes are, as pre- 
viously explained, quickly returned to the 
cathode, 

In Figure 53-17 it is assumed that alternate 
segments between cavities are at the same po- 
tential at the same instant and that there is an 
ac field existing across each individual cavity. 
This type of mode of operation is called the pi 
mode, since adjacent segments of the anode 
havea phase difference of 180° orone pi radian. 
There are several other possible modes of 
oscillation. 

A magnetron operated in the pi mode will 
have greater power output. Therefore, the pi 
mode is the most commonly used mode. 

In order to insure that alternate segments 
have identical polarities, an even number of 
cavities, usually six or eight,areused and al- 
ternate segments are strapped as pointed out 
earlier, The frequency of the pi mode is sep- 
arated from the frequency of the other modes 
by strapping. Operation inthe pi mode is in- 
sured as follows: 

For the pi mode, all parts of each strapping 
ring are at the same potential; but the two rings 
have alternately opposing potentials as shown in 





Figure 53-17 - Rotating space charge wheel in 
eight cavity magnetron, 


Figure 53-18. Stray capacitance between the 
rings adds capacitive loading to the resonant 
cavities, which lowers the frequency of the pi 
mode. For other modes, however, there isa 


phase difference between the successive seg- 
ments connected to a given strapping ring which 
causes current to flow in the straps. 





Figure 53-18 - Alternate segments connected 
by strapping rings. 


The straps contain inductance and an inductive 
shunt is placed in parallel with the equivalent 
circuit thereby lowering the inductance and in- 
creasing the frequency at modes other than the 
pi mode. 

The oscillations inthe cavities are coupled 
out by means of a probe or loop ora slot ex- 
tending into the cavity as shown in Figure 53-19. 

Figure 53-20 shows a schematic diagram of 
a magnetron oscillator. Note that the plate or 
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Figure 53-19 - Methods of coupling energy 
out of a magnetron. 
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outer shell is grounded for safety and that a high 
power negativedc pulse is applied tothe cathode. 
The voltage developed across resistor R] when 
the magnetronconducts, causes a small current 
flow through the dc milliammeter, M}. Ca- 
pacitor Cy) filters the dc component from the 
pulse current flowing through R] sothat a steady 
current flows through M}. 

The reading on M) indicates the average plate 
current drawnby themagnetronand isa valuable 
aid to the technician. 

The current through the magnetron is very 
high, and it would not be practicable to puta 
meter in series with the conduction path of the 
magnetron, Therefore, M, is put in parallel 
with the small resistor, R), through which 
practically all of the magnetron plate current 
flows. There are many other methods of con- 
necting a magnetron plate current meter into 
the circuit though only one method is shown in 
Figure 53-20. 


Q8. How are electrons that take energy from 
the ac field eliminated? 


Q9. On what three factors does oscillation ina 
magnetron depend ? 


Q10. How is energy coupledout of amagnetron? 


53-6. Tuning and Stabilization 


Magnetrons are inclined to stray from their 
proper frequency even under the most ideal 
conditions. Normally, this straying does not 
make much difference because the automatic 
frequency control in the radar receiver adjusts 
the frequency of the local oscillator to compen- 
sate for these variations. 

Most military radar transmitters use TUN- 
ABLE magnetrons,. These magnetrons have 





Figure 53-20 - Schematic diagram of a 
magnetron oscillator. 


devices that permit the frequency to be tuned 
over a narrow range. 

Until recently, magnetrons were operated 
on fixed frequencies. However, mechanical and 
electrical methods of tuning have proved suc- 
cessful over ranges up tol0 percentof the basic 
operating frequency of the magnetron. 

Mechanical tuning can be defined as any 
method of tuning that does not involve the in- 
jection of additional electrons into the RF field. 
It generally takes the form of changing the ca- 
pacitance or the inductance of one or more of 
the tuned cavities in the anode block. However, 
mechanical tuning can alsobe done by adding an 
external cavity or tuning stub in the output line. 

VANE tuning is an example of one of these 
mechanical tuning methods. Small vanes are 
inserted into the end slots leading into the re- 
sonant cavities of the magnetron, as shown in 
Figure 53-21. These vanes, or plates, are in- 
serted into or withdrawn from the end slots by 
means of a set of gears connected to a shaft 
extending into the anode block and attached to 
the plates. Because the surfaces of the end 
slots act as the plates of a capacitor, the in- 
sertion of the new conducting surfaces between 
the slots changes their capacity thereby changing 
the frequency. 

PLUG tuning is achieved by the insertion of 
plugs into the resonant cavities as shown in 
Figure 53-22, This changes the inherent in- 
ductance of each cavity, and therefore, the 
resonant frequencyis changed. A gear arrange- 
ment similar to that just described transmits 
the external motion into the magnetron interior. 

In some tunable magnetrons, circular U- 
shaped metal bands are used for tuning. These 
bands are usually placed inspecial slots around 
the top of the anode block within the magnetron. 
They may be inserted into or withdrawn from 
the slots by a gear arrangement similar to that 
used for the plug or vane methods. 

Electronic tuning includes all methods of 
tuning which involve the addition of electrons 





Figure 53-21 - Vane tuned magnetron. 
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A8. ‘They are accelerated and returned to the 
cathode. 


A9. Strength of the magnetic field, strength 
of the dc electric field, and the existance 
of resonant cavities or tuned circuits. 


Al0O. RF energy is coupled out of a magnetron 
by a probe, loop or slot extending into one 
of the cavities. 


to the RF electron beam set up inthe magnetron. 
This type of tuning is accomplished by adding an 
extra metal tube in the magnetron output. This 
tube may have a grid, or it may be a diode. 
Most tuning tubes are connected directly to the 
side of the magnetron. 

Tuning is accomplished by passing the mag- 
netron output througha beam of electrons in the 
tuning tube. As the intensity of the beam is 
changed, the magnetron output is frequency 
modulated. 


Qll. Name two methods of tuning a resonant 
cavity. 


STABILIZATION is considered with tuning 
because the two processesare related, Stabili- 
zation of the magnetron frequency is necessary 
in special cases when the frequency needs to be 
limited toa very small range or when the Q of 
the magnetron tanks is quite low. 

Stabilization is essentially an energy-storage 
process, The magnetron is a poor device for 
storing RF energy. The stabilizer, on the other 
hand, presents a high Q at the frequency of the 
magnetron, and is thereforean efficient storage 
chamber. 


Most stabilizers take the form of tuned 


cavities connected in the output line a few wave- 
lengths from the magnetron. As the coupling 
between the low-Q stabilization cavity is critical 
at the radar frequency, some magnetrons are 





Figure 53-22 - Plug tuned magnetron. 


designed with a special built-in RF lead for the 
stabilizing cavity. 

The stabilizing cavity itself is a tuned RF 
tank designed to present a low impedance to all 
frequencies except the magnetron frequency. 
Thus, whenthe magnetronoutput is coupled into 
the stabilizer, the stabilizer resonates atthe 
fundamental frequency, and the several side- 
band frequencies are damped out. Energy from 
the resonating stabilization cavity is utilized to 
reinforce the magnetron output. The energy 
may, therefore, be considered as regenerative 
feedback from an equivalent circuit like the one 
shown in Figure 53-23. Since the stabilizer 
effectively reinforces the fundamental frequency 
and damps out the undesirable side-band fre- 
quencies, it can be considered as a simple form 
of automatic frequency control for the magne- 
tron. 


3 =le Checking for Proper Operation 


The output circuits coupled to magnetrons 
are tuned to a specified frequency with bandpass 
characteristics equivalent to the operating fre- 
quency rangeof themagnetron. If themagnetron 
operates at adifferent frequency, it is not oper- 
ating at maximum efficiency. The result may 
bea dropinmagnetronplatecurrent. Therefore, 
a frequency shift may show up as adrop in plate 
current that can be observed on the plate cur- 
rent meter. The simplest and surest check for 
the proper operating frequency of a magnetron, 
then, is to watch the plate current meter. The 
radar instruction manual gives anapproximation, 
in milliamperes, of the best operating reading. 
In addition, daily readings should be taken and 
recorded. The average of these daily readings 
is then useful for comparisonwith the operating 
readings to determine whether the magnetron 
is Operating normally. The readings should not 
be takenimmediately after energizing the system 
because the magnetron requires a short period 
of time to warm up and become stable. Read- 
ings are also unstable for a short time after 
installing a new magnetron due to the seasoning 
time required for proper break-in. 





Figure 53-23 - Equivalent circuit of magnetron 
and stabilizer. 
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Q12. When would the plate current reading be 
taken on a magnetron? 


If there is a mismatch in the output line, or 
waveguide, incorrect frequencies may also give 
maximum readings on the plate current meter, 
and the efficiency and range of the radar are 
lowered. Therefore, a device is needed to 
measure the magnetron output frequency di- 
rectly. Such adevice is thetunable ECHO BOX, 

The echo box is a tunable resonant cavity 
connected to a crystal rectifier and a milli- 
ammeter. A portion of the transmitter pulse 
is coupled out of the waveguide and is fed into 
thecavity. Thecavityis then tuned to resonance 
at the radar frequency, and this frequency can 
be read directly from the dial or from acalibra- 
tion chart giving dial readings as a function of 
frequency. 

Another use of the echo box is in making a 
SPECTRUM ANALYSIS of the radar pulse. A 
radar pulse consists not of a single frequency 
but of a band of frequencies centered in one 
fairly small range. A pulse spectrum is shown 
in Figure 53-24. The spectrum is obtained by 
tuning the echo box overthe entire rangeof fre- 
quencies contained inthe radar pulse and plotting 
the meter readings at intervals ona graph. It 
can be used in several ways. Whena radar is 
first installed, a spectrum analysis is usually 
made to insure that excessive power is not dis- 
sipatedinthe side-band frequencies of the pulse. 
A poor spectrum, with large side bands, indi- 
cates a defective magnetron, a mismatch in the 
output line, or a poorly shapedmodulator pulse. 

ARCING in a magnetron is a warning sign 
that must be watched for. Arcing shows as 
bright flashes of light across the magnetron 
input leads. It can be detected by a character- 
istic Singing sound, somewhat similar to the 
sound made by thetireof asemitrailertravelling 
at a high speed on a smooth pavement, 

Most radars have a spark gap connected 
across the magnetron or the pulse transformer 
so that if arcing does occur, it will not occur in 
the magnetron. A small amount of arcing is to 
be expected, especially when the radar is first 





Figure 53-24 - Frequency spectrum of a radar 
pulse. 


turned on orwhen anew magnetronhas just been 
installed. However, the electronics technician 
must learn from experience when arcing 1s 
dangerous and when it is temporary and harm- 
less. 

Arcing can be caused by several troubles. 
One common cause of arcing is allowing the in- 
put voltage to becometoo high. When high volt- 
age arcing occurs, itcan be stopped by lowering 
the input voltage until the plate current meter 
reading is normal, If the arcing is not stopped 
soon after beginning, the cathode may be de- 
stroyed. 

Another cause of arcing is a physical ob- 
struction or mismatch in the output line which 
sets up standing waves and causes RF energy 
to be reflected back to the magnetron. 

When coupling is adjusted properly, the stand- 
ing waves are removed and the arcing ceases, 
In a radar havingacrystal protection, or SHUT- 
TER relay in the waveguide, arcing sometimes 
means that the relay is locked shut or is mal- 
functioning, thus obstructing the passage of RF 
down the waveguide. When the relay is opened 
or replaced, the arcing should stop. 

An aging magnetron can cause both arcing 
and low output, as indicated bythe plate current 
meter. 

If the cathode or one of the straps is burning 
out, or if one of the straps has shorted, arcing 
will occur. Therefore, if arcing occurs to- 
gether with a high plate current reading and 
cannot be stopped by lowering the input voltage, 
the magnetron should be replaced. If either of 
the magnetron input leads are bent so that the 
filament is shorted to the surrounding fittings 
or structure, arcing is almostcertain to occur. 
This cause of arcing is usually easy to detect 
because the plate current meter reading will be 
erratic. 


Q13. What is the purpose of an echo box? 


Q14. To what type of modulator is amagnetron 
most readily adapted? 


QI5. What are the most common causes of 
arcing in a magnetron? 


53-8. Troubleshooting ‘ 


Radar troubleshooting involves not only the 
replacement of a component which is obviously 
malfunctioning, but it also involves the ability 
to recognize a slight decrease in optimum per- 
formance; and correct it before serious trouble 
developes. To dothis, periodic routine checks 
of meter indications must be madeand recorded. 

For example, assume that the magnetron 
plate current readings have been decreasing 
over the past three readings. These readings 
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All. Two types of tuning a resonant cavity are 
vane and plug tuning. Both of these are 
mechanical. 


Al2. Magnetron plate current readings should 
not be taken until the magnetron has been 
allowed to reach its operating tempera- 
tures, 


Al3. An echo box is used toaccurately measure 
the magnetron output frequency. It can 
also be used to determine the power dis- 
Sipation in the side-band frequencies. 


Al4, The magnetron oscillator is most readily 
adapted to pulse modulation. 


Al5. Arcing can be caused by too high an input 
voltage pulse, by amismatchin the trans- 
mission line, or shorted line. 








indicated that the trouble must lie somewhere 
in the transmitter circuit. By knowing the 
function of each block in the transmitter unit, 
the trouble can be isolated toone of three causes: 
the magnetron is detective, the input pulse is 
poorly shaped, or standing waves have been set 
up because of a mismatch in the waveguide or 
output line. Rule out the last of these three 
causes because the drop in the readings has 
been steady. A mismatch gives a drop or rise 
when it first occurs. Thus, the trouble can be 
narrowed down to two probable causes. As the 
input pulse to the magnetron isof high power, it 
is difficult to measure and determine if it is of 
the proper voltage, If the output pulse from the 
modulator is taulty, the trouble is most likely 
the result of either a weak tube in the modulator 
power supply, a detective element in the pulse 
line, or a defective magnetron. Replacing the 
magnetron would take more time than running a 
testonthe modulator. Therefore, the modulator 
would be examined before checking the magne- 
tron, 

The best practical way to check for a de- 
tective magnetron, whennecessary, is to replace 
it. Shut down the equipment and ground the 
storage capacitor in the modulator and power 
supply. Follow the instructions given in the 
radar instruction manual to replace the magne- 
tron, Handle the old one with care, it may still 
be operative, Pack it carefully in a box and 
store it in a dry, cool place. When installing 
the new magnetron, make sure the RF coupling 
is thoroughly cleanand secure, Checkthe spaces 
on both sides of the magnetron between the anode 
block and each pole piece of the permanent 
magnet to insure that the magnetronis properly 


centered. 

Remember to REMOVE YOUR WATCH when 
working near a magnet. Do not bring metal 
tools near the magnet, since even a slight blow 
from a metal tool can cause a serious loss in 
the field strength of the magnet. Non-magnetic 
tools should be used when possible. Always 
keep in mind that the magnetron is expensive 
and can be damaged easily. 

After the new magnetron has been installed, 
double check to insure that all leads are tight 
with proper tolerances and that the magnetron 
is correctly centered. Turnon the radar main 
power and apply heater voltage. Allow the tube 
to warm-up for about 5 minutes before applying 
the high voltage. Most radar systems are 
equipped with a 5 minute time delay circuit for 
this purpose. After the warm-up, increase the 
input voltage slowly until the normal operating 
value is reached or until excessive arcing occurs. 
If arcing occurs, reduce the voltage slightly 
until the arcing stops and allow the magnetron 
to operate at the reduced voltage for about 5 
minutes. Then build up the voltage until it 
reaches normal operating value or until arcing 
again occurs. This process should be repeated 
until the new magnetron is operating steadily at 
normal operating power. For the first 10 or 
15 minutes slight arcing may be expected and 
variations in the output current may appear, 
because gas that has accumulatedinthe mag- 
netron is burning out. This process is called 
SEASONING, 

If the magnetron overload relay trips out 
when the high voltage is applied, reset the relay 
and repeat the processat least five times before 
a decision to replace the magnetron is made, 


Qlo. It a magnetron is suspected of being de- 
fective, what is the best method of checking it? 


Q17. Why should metal tools be kept from con- 
tact with the magnetron magnet assembly ? 


Q18. Whatmethodis usedto prevent high volt- 
age from being appliedimmediatelyto the mag- 
netron when main power is applied ? 


DUPLEXERS 


53-9. Principles of Duplexers 


Separate antennas and transmission lines are 
sometimes used for transmitting and receiving 
RF signals. A system of this type is naturally 
more expensive and space consuming than a 
system that employs one antenna for both trans- 
mitand receive, Forthis reason, adevice called 
a DUPLEXER has beendeveloped which permits 
the use of a common transmission line and a 
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single antenna for transmitting and receiving. 
An important point to consider when using an 
antenna for both transmitting and receiving is 
keeping the transmitted signal out of the re- 
ceiver. The high transmitter power output 
could damage the receiver to a point where it 
could not receiveat allor causea blocking action 
which would prevent the reception of the re- 
turned echo. Also, the low received signal 
power would be critically weakened, or lost 
entirely, if it were allowed to be absorbed in 
the transmitter output coupling. 

A duplexer system consists of a TR (TRANS- 
MIT-RECEIVE) and anATR (ANTI-TRANSMIT - 
RECEIVE) circuits. The purpose of aTR circuit 
is to prevent the transmitter power from enter- 
ingthe receiver. The purposeof theATR circuit 
is to prevent the received signal from entering 
the transmitter, so that all of the received sig- 
nal is sentto the receiver. The transmission 
line in which the TR and ATR device are housed 
may be either a coaxial line or waveguide; all 
operate on the same principle. 

Figure 53-25 shows two duplexer systems 
used toconnect a radartransmitterand receiver 
toacommonantenna. Forsimplicity, atwo-wire 
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Figure 53-25 - Duplexer systems, 
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line will be used when analyzing the duplexer. 
The junction of the transmitter, receiver and 
antenna coupling transmission lines is called 
the T-JUNCTION. This T-junction may use a 
parallel connection as in Figure 53-25A ora 
series connection as in Figure 53-25B. The 
duplexer will be analyzed using the parallel 
connected T-junction first. The TR and ATR 
devices are spark gaps as shown in Figure 53-25A 
and B. The TR circuit consists ot the TR de- 
vice and the transmission line in which it is 
housed, likewise, the ATR circuit consists of 
the ATR device and the transmission line in 
which it is housed. 

In order to analyze the over-all action ot the 
TR-ATR circuits, recall that a quarter wave- 
length section of transmission line (or multiple 
thereof) inverts the impedance at the receiving 
end and a half wavelength (or even multiples of 
a quarter wavelength) repeats the impedance at 
the receiving end. The TR spark gap in Figure 
53-25A is located in the receiver coupling one- 
fourth wavelength from the T-junction, One (or 
any odd multiple) quarter wavelengths from the 
T-junction, inthe direction of the transmitter, 
a one-half wavelength, closed-end, section of 
transmission line, called a STUB, is attached 
to the main transmission line. An ATR spark 
gap is located in this line one-quarter wave- 
length from the main transmission line, and 
one-quarter wavelength from the closed end of 
the stub. 

The spark gap makes a reasonably good 
switch because itis anopencircuit until sufficient 
voltage is applied to cause the gap to arc over. 
The arc is formed by causing the gas or vapor 
between the electrodes to ionize. Once started, 
the running voltage across the gap is very low, 
and the resistance of the gap approachesa short 
circuit. The ionized gap voltage is independent 
of the applied power, so that the resistance 
varies with applied power. Air at atmospheric 
pressure requires about 30,000 volts per inch 
of gap to start the arc, while the running voltage 
is about 50 volts. The break-down and running 
voltages for inclosed gaps depend onthe pressure 
and the gas or vapor used. 

For purposes of illustration, it will be 
assumed thatthe characteristic impedance of the 
transmission line, the feed point resistance of 
the antenna, the input impedance of the receiver, 
and the output impedance of thetransmitter when 
generating RF power, are all 250 ohms. The 
transmitter output impedance rises between 
pulses to 5,000 ohms. The resistance of the 
conducting gap is 50 ohms, 

During the transmitting pulse, anarc appears 
across both spark gaps and causes the TR and 
ATR circuits to act as a shorted transmission 
line. However, anopen circuitis reflected one- 
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Al6. The best method of checking a magnetron 
is to replace it. 


Al7. Metal tools and objects should be kept 
from contact with the magnet to prevent 
the weakening of its field strength. 


Al8. In most systems, a delay circuit is in- 
corporated for this purpose. 


quarter wavelength away, where the TR and 
ATR circuits are connected to the main trans- 
mission line, Figure 53-26 shows the circuit 
during transmission. 

None of the transmitted energy can pass 
through these reflected opens into the ATR stub 
or into the receiver. Therefore, all of the 
transmitted pulseis sent straight tothe antenna. 
Remember that the antenna impedance, the line 
impedance, andthe transmitter impedance, when 
transmitting, are all matched. 

During reception, the amplitude ot the re- 
ceived echo is not sufficient to cause an arc 
across either spark gap. Under this condition, 
the ATR circuit now acts as a half-wave trans- 
mission line terminated in a short. This is 
reflected as an open circuit at the T-junction, 
three-quarter wavelengths away. 

The received echo sees an open circuit in 
the direction of the transmitter as shown in 
Figure 53-27. However, the receiver input 
impedance is matched to the transmission line 
impedance so that the entire received signal 
willgoto the receiverwitha minimum amount of 
loss. The duplexer using a series connection 
at the T-junction, is somewhat different but the 
result is the same. Note, in Figure 53-25B, 
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Figure 53-26 - Parallel connected duplexer 
during transmission. 








REFLECTED T- JUNCTION 


‘nay a 


ATR GAP__ 
NOT ARGING 


IR GAP NOT 


ARCING 


END 


Figure 53-27 - Parallel connected duplexer 
system during reception. 


that the ATR gap is one-half wavelength from 
the main transmission line, 

During transmission, the ATR and TR gaps 
fire in the series connected duplexer system, 
However, this causes a short circuit to be re- 
flected at the series connection to the main 
transmission line one-half wavelength away as 
shown in Figure 53-28, 

The transmitted pulse sees a smooth path 
in the direction of the antenna, and does not go 
into the ATR stub or the receiver, 

During reception, neither spark gap is fired. 
The ATR actsas a half-wave stub terminated in 
an open. This is reflected as a short circuit 
at the T-junction three-quarters of a wavelength 
away as shown in Figure 53-29. Consequently, 
the received signal sees a smooth path to the 





Figure 53-28 - Series connected duplexer 
system during trans- 
mission, 
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receiver, and noneof the received signal is lost 
in the transmitting circuit. 


Q19. What is the function of aduplexer system ? 


Q20. In a duplexer system using a parallel 
connected T-junction why are the ATR and TR 
devices an odd multiple of a quarter wavelength 
from the transmitting antenna ? 


Q21. What is the purpose of the TR circuit? 
Q22. What is the purpose of the ATR circuit? 


53-10. TR and ATR Tubes 

It is necessary for the spark gaps to fire or 
ionize very fast when the transmitter pulse 
comes down the line. The spark gaps must also 
deionize immediately after the transmitter pulse 
has been transmitted so that received echos 
from very close targets can be received. 

The spark gap used ina given TR system 
may vary from a simple one formed by two 
electrodes placed across the transmission line 
to one inclosed in an evacuated glass envelope 
with special features toimprove operation. The 
requirements of the spark gap are that its re- 
sistance shall be very high until the arc is formed, 
and then be very low during conduction through 
the arc. At the end of the transmitted pulse, 
the arc should be extinguished as rapidly as 
possible to remove the loss caused by the arc, 
and to permit signals from nearby targets to 
reach the receiver. 

The simple gap formedin airhasa resistance 
during conduction of from 30 to 50 ohms. This 
is usually too high for use with any but anopen- 
wire transmission line. The time required for 
the air surrounding the gap to be completely 
deionized after the pulse voltage has been re- 
moved is about 10 microseconds. During this 
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Figure 53-29 - Series connected duplexer 
system during reception. 





time, the gap acts as an increasing resistance 
across the transmission line to which it is con- 
nected. However, ina TR system using an air 
gap, the received signals reaching the receiver 
through the gap have half their proper magnitude 
after 3 microseconds. This is known as RE- 
COVERY TIME. 

The value of voltage required to break down 
a gap, and the running voltage during the arc, 
can be lowered by reducing the pressure of the 
gas surrounding the electrodes. TR tubes are 
therefore used inwhich the spark gapis inclosed 
in a glass envelope and the tube is partially 
evacuated as shown in Figure 53-30. The arc 
is formed by conduction through an ionized gas 
Or vapor so that the tube cannot be entirely 
evacuated; thus, there is an optimum pressure 
which will give the best TR operation. The re- 
covery time or deionization of the gap can be 
reduced by introducing water vapor into the tube 
rather than air. A TR tube containing water 
vapor at a pressure of 1 millimeter of mercury 
will recover in 0.5 microseconds. 

TR tubes for use at microwave frequencies 
are built to fit into and be a part of a resonant 
cavity or transformer. The highQ of the cavity 
and the vapor in the evacuated portion of the 
tube reduce the power needed to maintain the 
gap and the powerof the transmitted pulse which 
reaches the receiver, The speed with which this 
action takes place can be increased by placing 
a third electrode within one of the main elec- 
trodes of the gap. This electrode is known as a 
KEEP ALIVE, and has a potential of about -1, 000 
volts with respect to the main gap. A glow dis- 
charge is maintained by the keep alive and one 
electrode of the main gap when the transmitted 
pulse is applied. The negative voltage of the 
keep alive also prevents stray ions from reach- 
ing the main gap to produce noises inthe receiver. 
The negative keep alive potential will attract 
stray ions because the gases in the TR tubes 
are mainly composed of positive ions. 


DC GROUND 





Figure 53-30 - TR tube with keep alive 
electrode. 
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Al9. It permits the use of a common trans- 
mission line and antenna for transmitting 
and receiving. 


A20O. The TR and ATR devices are located at 
odd multiples of a quarter wavelength so 
that during transmission and reception 
proper impedances are reflected, 


Adl. The purposeof the TR circuitistoprevent 
the transmitted pulse from entering the 
receiver, 


Adz. The purpose of theATR circuit is to pre- 
vent the received signal from going into 
the transmitter. 


The life of the TR tube is controlled by two 
main factors. The first andmost common cause 
of failure is due to a gradual buildup of metal 
particles knocked loose from the electrodes of 
the gap and spattered onthe inside of the glass 
envelope. These particles act as small, con- 
ducting areas which lower the Q of the resonant 
cavity and waste power. If the tube is continued 
in use for any length of time, the particles will 
begin to form a detuning wall within the cavity 
which will eventually prevent the TR tube from 
functioning properly. The second cause of 
failure is due to an absorption of the gas with- 
in the tube by the metal electrodes. The result 
is to reduce the pressure gradually within the 
tube to the point where it becomes very difficult 
to break down the gap, and extremely strong 
Signals are fed to the receiver, Because both 
causes of failure are only gradually noticed, 
the TR tube must be checked carefully and per- 
iodically for efficient operation. 

In numerous applications, TR tubes are 
mounted in cylindrical cavities, with the metal 
electrodes connected to and forming part of the 
end walls as shown in Figure 53-31. The cavity 
is excited in a mode which produces a strong 
electric field across the gap, and therefore 
causes an arc with the minimum applied signal. 
The method of exitationused in the cavity shown 
is to terminate a coaxial feed line within the 
cavity by forming a coupling loop with the inner 
conductor. The coupling loop is a low im- 
pedance across the coaxial line so that current 
through the loopis large, and a strong magnetic 
field is set up. The loop is placed so as to 
reinforce the magnetic field within the cavity. 
The amount of coupling is controlled by rotating 
the loop on an axis formed by the inner conduc- 
tor. Signals for the receiverare removed from 
the cavity bya similar loop placed on the opposite 
side of the gap from the input loop. 
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Figure 53-31 - Cavity TR box. 


Another method of feeding the cavity from 
a coaxial line is to use slots which couple the 
field of the line to that of the cavity as shown 
in Figure 53-32. The output of the magnetron 
is matched into a coaxial line which feeds the 
transmitted pulseto theantenna. Near the mag- 
netron, the outer conductor of the coaxial line 
is made into a sliding section having a side 
aperture or slot in the center. The slot opens 
into the resonant cavity of the TR box on the 
periphery. Another slot on the opposite side 
of the cavity is cut through into the receiver 
coaxial line, which is shorted at the edge of the 
slot. 

During the transmitted pulse, energy is 
coupled into the cavity and produces a large 
voltage across the gap. The gap breaks down, 
forming an are which short-circuits the cen- 
ter of the cavity. The field built up within the 
cavity is very weak because of the detuning of 
the cavity during the arc, and has the effect of 
a short circuit across the transmitter feed line 
slot. Because the field is weak, very little 
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Figure 53-32 - Slot-coupled cavity. 
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energy is coupled into the receiver feed line. 

At the end of thetransmitted pulse, the mag- 
netron impedance changes, so that the received 
Signal sees a mismatch at the magnetron, The 
position of the slot into the cavity is adjusted by 
means of the sliding joint to be placed at a cur- 
rent maximum of the coaxial line as shown in 
Figure 53-33. The large currelit produces a 
strong magnetic field which leaks through the 
slot into the cavity to reinforce the field of the 
cavity. The received signal is not strong enough 
to break down the gap, and the field within the 
cavity is notaffected by the presence of the gap. 
The slot into the receiver feed line permits some 
of the field of the cavity to link the inner con- 
ductor of the line at a point which is a current 
maximum, By selecting the proper size and 
shape of the slots, the received signalis passed, 
with very little loss, to the receiver. The po- 
Sitionof the antenna feed line slot can be adjusted 
to absorb all of the received line energy from 
the antenna feed line, and therefore to prevent 
standing waves between the TR switch and the 
antenna. 

Resonant cavity TR switches are applied to 
waveguides both directly or indirectly to obtain 
switching action, The indirect method uses a 
coaxial line into the waveguide which feeds the 
antenna. When large losses might be incurred 
by the use of coaxial line, the resonant cavity 
can be coupled directly to the waveguide. Fig- 
ure 53-34 shows a direct method of cavity TR 
switching in a waveguide feed system. The 
waveguide terminates in the antenna on one end 
and a shorting plate at the other. 

The transmitted pulse travels up the guide, 
spilling into the cavity through a slot, The 
cavity builds up a strong electric field across 
the gap, breaking it down, and detuning the 
cavity. The impedance seen at the slot by the 
guide is decreased to anapproximate short cir- 
cuit which effectively seals the opening and 
passes the pulse energy to the antenna. 

The signals received during the resetting 
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Figure 53-33 - Current wave reflected by 
magnetron. 
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Figure 53-34 - Waveguide using 
cavity TR box, 


time travel down the guide to the magnetron and 
the shorting end plate, where they are re- 
flected. The slot into the cavity is placed so 
that it is located at a maximum of the standing 
wave magnetic field produced by reflections. 
The maximum field therefore links the mag- 
netic field of the cavity. Since the received 
Signals are not strong enough to cause anarc, 
the cavity field is undisturbed by the gap, and 
transfers into the receiver coaxial line to give 
maximum energy transfer. 

The cavity TR switch can also be applied 
to branch lines of the waveguide as shown in 
Figure 53-35. The magnetron is coupled to 
the guide by a voltage probe to produce proper 
excitation. In order to insure maximum use of 
the received signals an ATR _ switch has been 
included, The transmitted pulse travels from 
the magnetron to the ATR branch where part 
of the energy turns into the gap. A slot is 
placed across the waveguide a half-wavelength 
from the main guide, and passes the RF energy 
through into the cavity. The cavity builds up 
the electric field, breaks down the gap, and as 
a result produces a short circuit across the 
coupling slot. The short circuit of the slot is 
reflected back to the main guide a half-wave 
away to close the entrance to the ATR branch. 

Most of the energy is therefore directed down 
the guide to the antenna. On reaching the re- 
ceiver branch, the same effect is produced by 
the TR switch a half-wavelength from the main 
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Figure 53-35 - Cavity TR box applied 
to branch lines of 
waveguide, 


guide, Since both openings are effectively closed 
by the gaps, maximum energy is transferred be- 
tween the magnetron and the antenna. 

During the resting time, the ATR spark gap 
is not broken down by the received signals, so 
that the input to the cavity is practically an 
open circuit. This is reflected to the main 
guide as an open circuit. The received sig- 
nals are in effect turned back by the apparent 
open circuit at the mouth of the ATR branch 
setting up reflections which a quarter-wave 
away at the TR branch produce a short or clos- 
ing of the main guide. The signals are directed 
into the TR branch where they pass through 
the resonant cavity of the receiver. 

Instead of using resonant cavities and TR 
tubes, the branch waveguide canuse RESONANT 
SLOTS which also act as spark gaps. An ex- 
ample is illustrated in Figure 53-36. The 
resonant slot isa partitionacrossthe guide with 
an aperture whose dimensions make it look 
like a parallel resonant circuit at the carrier 
frequency. The dimension in the direction of 
the electric field is made small so that the 
transmitted pulse will cause an arc. Thearc 
closes the conducting surface of the slot, pro- 
viding a short circuit which is reflected by the 
half wave line to the main guide. 


Q23. Why is it necessary for the TR tube to 
deionize instantly ? 


Q24. What is the purpose of the keep-alive 
voltage applied to the TR tube? 
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Figure 53-36 - Slot type TR switch. 


Q25. Why is the polarity of the keep-alive 
voltage always negative ? 


Q26. What symptoms would be present if the 
TR tube failed to ionize? 


53-11. TR and ATR Switch Transformer 

Both the TR and the ATR switches require 
some of the transmitted pulse power to operate 
them. This is undesirable, since part of their 
function is to increase efficiency. The amount 
of power required can be somewhat reduced, 
and the switching action improved, by using 
transformers to step up the voltage applied 
across the gap. Suppose that the signal is 
applied to the primary of the step-up trans- 
former, and the spark gap is placed across the 
secondary as shown in Figure 53-37. The 
secondary is tuned to obtain a very high imped- 
ance when the gap is not conducting. This 
impedance is reflected to the primary as an 
open circuit. 

The voltage of the signal applied to the pri- 
mary is stepped up in the secondary, which 
causes the spark gap to break down sooner than 
if the original signal were applied directly to the 
gap. The resistance of the conducting gap is 
placedacross the tuned secondary, and is stepped 
down into the primary as a much lower re- 
sistance. Assuming a gap resistance of 50 
ohms, and a step-down of 10:1, the primary 
will have an impedance of 5 ohms. The 5 ohms 
is reflected by the quarter-wave line as: 


. 
Z= = = 12,500 ohms 


The power taken from the gap will therefore 
be reduced by 10:1, as compared to placing the 
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gap directly across the line, 

Transformers of the ordinary RF type will 
not function well at the carrier frequencies 
used in radar, while the resonant line can be 
used as an excellent auto-transformer to pro- 
duce the same results. Figure 53-38A shows 
an open wire line which uses a quarter-wave 
stub to step up the voltage applied to the ATR 
spark gap and to step down its conducting re- 
Sistance across the ATR line. The stub can be 
considered as two sections of transmission 
line, as shown in Figure 53-38B, one of which is 
terminated in a short circuit, and the other is 
an open circuit, The shorted line is less than 
a quarter-wavelength and acts as a capaci- 
tance to an inductance. The open line is also 
less than a quarterwave and acts capacitive. 


TRANSMITTER 


TO T- JUNCTION 


Figure 53-37 - ATR switch with transformer. 


The two are in parallel, and since their total 
length is a quarter-wave, their reactances are 
equal, thus forming a parallel resonant circuit 
of very high impedance as shown in Figure 
53-38C. During the resting time, with the gap 
extinguished, the stub high impedance has very 
little effect in bridging the ATR line. 

When energy is applied tothe stub, a standing 
wave of voltage that is maximum across the gap 
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Figure 53-38 - Resonant line transformer 
ATR. 








is set up along its length. The received signals 
are normally not large enough to break down 
the gap. The transmitted pulseis large enough, 
however, and placesa low resistanceacross the 
open end of the stub causing the gap to conduct. 
The stub now consists of two lines in parallel 
across the ATR line, each of which is inductive 
as shown in Figure 53-38D. The result is to 
place a very low inductanceacross the ATR line 
a quarter wavelength from the feed line, re- 
flecting the low impedance as a very high im- 
pedance to the feed line to limit the energy 
necessary to operate the gap. 


Q27. Whatis the function of the resonant line 
transformer? 


53-12. Handling and Disposal 


Many TR tubes contain radioactive material 
and should be handled with care to avoid break- 
age. The radioactivity level of an unbroken 
tube is very minute and presents no danger to 
personnel during normal handling. All TR tubes, 
damaged ornot, should be disposed of in accord- 
ance with BUSHIPS instruction 5100.5 and BU- 
SHIPS manual, chapter 67, article 314. 


ANTENNAS 


53-13. Principles of Radar Antennas 


Radar antennas fall into two general classes — 
OMNI-DIRECTIONAL and DIRECTIONAL. Om- 
ni-directional antennas radiate RF energy in 
all directions simultaneously, as their name 
implies. They are seldom used with modern 
radars, but are commonly used in radio equip- 
ment, in IFF (Identification Friend or Foe) 
equipment, and in counter measures receivers 
for the detection of enemy radar signals. Di- 
rectional antennas, on the other hand, radiate 
RF energy in LOBES or BEAMS, that extend 
outward from the antenna in one direction or in 
only a few directions fora givenantenna position. 
Sometimes, the radiation pattern contains sma} 
minor lobes, but these lobes are weak and nor- 
mally have little effect on the main radiation 
pattern. The main lobe may range in angular 
width from 1° or 2° in some radars to several 
degrees in other radars, depending on the 
accuracy demanded. The energy of the main 
lobe is restricted either in the horizontal or in 
the vertical plane, or in both, to a few degrees. 
The minor lobes are made as small as possible 
in order to form a maximum amount of energy 
in to the main lobe, 

Directional antennas have two important 
characteristics, One is DIRECTIVITY. The 
directivity of an antenna refers to the degree 
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A23. The TR tube must deionize instantly so 
that an echo can be received from the 
close targets. 


A2Z4. The purpose of the keep-alive voltage is 
to aid in the rapid ionization of the TR 
tube. 


AZ5. The negative polarity of the keep-alive 
voltage prevents stray ions within the TR 
tube from reaching the spark gap and pro- 
ducing noise in the receiver. 


A26. The receiver would have a long recovery 
time. 


A27?. A resonant line transformeris frequently 
used to step up the voltage applied to the 
spark gap inthe TR or ATRtube. This 
reduced the amount of energy taken from 
the transmitter pulse and also improves 
switching action. 





of sharpness of its beam. If the beam is narrow 
in either the horizontal or vertical plane, the 
antenna is said to have high directivity in that 
plane. Conversely, if the beam is broad in 
either plane, the directivity of the antenna in 
that plane is low, Thus, if an antenna has a 
narrow horizontal beam and a wide vertical 
beam, the horizontal directivity is high and the 
vertical directivity is low. 

When the directivity of an antenna is in- 
creased, that 1s, when the beam is narrowed, 
less power is required to cover the same range 
because the power is not scattered over so wide 
anarea. Thus, the second characteristic of an 
antenna is brought to light. This characteristic 
is called POWER GAIN, and is directly related 
to directivity. 

Power gain is the ratio of power at some 
point in the radiation field of an antenna over 
the power at the same point of a single dipole 
antenna located in the same position and fed in 
the same way as the antenna being measured. 
An antenna withhighdirectivity has a high power 
gain, and vice versa. The power gainof a single 
dipole with no reflector is one. An array of 
several dipoles in the same position as the 
single dipole and fed with the same line would 
have a power gain of more than one, the exact 
figure depending on the directivity of the array. 

The BEARING RESOLUTION of a radar sys- 
tem depends on the width of the antenna beam. 
Resolution is the ability of the radar equipment 
to distinguish small targets or the shape ofa 
large target, To distinguish any of the details 
ofalargetarget, the beam must be much smaller 


in cross section than the target and the pulse 
length must be very short. 

The measurement of the bearing of a target 
as ''seen" by the radar is usually given as an 
angular position, The angle may be measured 
either from true north (true bearing), or with 
respect to the heading of a vessel or aircraft 
containing the radar set(relative bearing). The 
angle at which the echo signal returns is meas- 
ured by utilizing the directional characteristics 

the radar antenna system. Radar antennas 
are constructed of radiating elements, re- 
flectors, and directors to produce a single 
narrow beam of energy in one direction. The 
pattern produced in this manner permits the 
beaming of maximum energy in a desireddi- 
rection. The transmitting pattern of an antenna 
system is also its receiving pattern. An an- 
tenna can therefore be used to transmit energy, 
to receive reflected energy, or to do both. 

The simplest form of antenna for measuring 
azimuthor bearing is one that producesa single- 
lobe pattern. The system is mounted so that it 
can be rotated. Energy is directed across the 
region to be searched, by moving the beam back 
and forth in azimuth until a return signal is 
picked up. The position of the antenna is then 
adjusted to give maximum return signal. 

Figure 53-39 shows the receiving pattern for 
a typical radar antenna. In this figure, relative 
Signal strength is plotted against the angular 
position of the antenna with respect to the tar- 
get. A maximum signal is received when the 
axis of the lobe passes through the target. The 
sensitivity of this system depends on the angular 
width of the lobe pattern. The operator adjusts 
the position of the antenna system for maximum 
received signal. If the signal strength changes 
appreciably when the antenna is rotated through 
a smali angle, the accuracy with which the on- 
target position can be selected is great. Thus, 
in Figure 53-39, the relative signal strengths 
A and Bhavevery little difference. If the energy 
were concentrated in a narrower beam, the 
difference would be greater and the accuracy 
better. 

The remaining dimension necessary to lo- 
cate completely an object in space can be ex- 
pressed either as an angle of elevation or as an 
altitude. If one is known, the other can be 
calculated from one of the basic trigonometric 
functions. A method of determining the angle 
of elevation or the altitude is shown in Figure 
53-40. The slant range (Figure 53-40A) is 
obtained from the radar scope indication as the 
range to the target. The angle of elevation is 
that of the radar antenna shown in part B of 
Figure 53-40. The altitude is equal to the slant 
range multiplied by the sine of the angle of 
elevation. 
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Figure 53-39 - Radar determination of 
azimuth or bearing. 


In radar equipments with antennas that may 
be elevated, altitude determination by slant 
range is automatically computed electronically. 
In equipments (air search) where the antennas 
do not elevate, the altitude may be calculated by 
means of charts. 

Search radars used forearly warning nets do 
not require great precision in ranging or bear- 
ing, but do require the ability to locate targets 
at fairly long ranges. Therefore, they are nor- 
mally designed with high power, wide beam 
angle, and fairly long pulse widths. Their tar- 
get resolution (ability to accurately determine 
bearing and range) is not as good as that of 
radars used for another purpose such as fire 
control, 

An air search radar detects and determines 
the bearing of aircraft targets at long ranges 
maintaining complete 360° surveillance from 
the surface to high altitudes. System constants 
must be chosen withthis function in mind. Rel- 
atively low radar frequencies are chosen (P or 
L band 30-1000 mc) to permit long-range trans - 
missions withminimum attenuation. Wide pulse 
widths (2 to4 microseconds) and high peak power 
are used toaid indetecting small targets at great 








distances. Low pulse repetition rates are se- 
lected to permit greater maximum measurable 
range. Wide vertical beam width is used to 
ensure detection of targets from the surface to 
relatively high altitudes, and to compensate for 
the pitch and role of the ship. Medium hori- 
zontal beam width is employed to permit fairly 
accurate bearing resolution while maintaining 
360° search coverage. 

A surface search radar detects and deter- 
mines the accurate rangeand bearing of surface 
targets while maintaining 360° surveillance for 
all surface targets within line-of-sight distance 
of the radar antenna. 

Since the maximum range requirement of a 
surface search radar is primarily limited by 
the radar horizon, very high frequencies (X 
band) are employed to permit maximum reflec- 
tion from small target reflecting areas, such as 
ship mast head structures and submarine peri- 
scopes. Narrow pulse widths (0.37 to 2 micro- 
seconds) are used to permit a high degree of 
range resolutionat short ranges, and to achieve 
greater range accuracy. High pulse repetition 
rates (600 to 1000) are used to permit detection 
of small targets at line-of-sightdistances. Wide 
vertical beam widths (10° to 30°) permit com- 
pensation for pitch and roll of the ship and to 
detect low flying aircraft. Narrow horizontal 
beam widths (1° to 3°) permit accurate bearing 
determination and good bearing resolution. 

A radar system which indicates the bearing 
of targets must have some means of pointing 
its radiated energy in known direction. Prac- 
tically all such radar systems accomplish this 
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Figure 53-40 - Radar determination of 
altitude. 
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by constant 360° rotation of a motor driven 
energy transfer device such as an antenna, 
waveguide, reflector or director, or energy 
feechorn. 

Each antenna type has abilities to couple and 
project electromagnetic energy into space; also 
each has an ability to convert received energy 
into the formsthat activate receiver equipments. 

Experience shows that a parabolic dish, when 
properly adjusted focuses for projecting energy, 
will also serve at its best for accepting echo 
energy from space and directing it into the re- 
ceiver system. 

If the parabolic reflector is sufficiently large 
so the distance from any point within the dish 
to the focal point is several wavelengths, then 
QUASI-OPTICAL conditions existand the emerg- 
ing wave is anarrow beam. Sizes of reflectors, 
which are practicable formicrowave work, have 
a diameter of 10 to 20 wavelengths to produce a 
beam width of approximately 5 degrees. 

The quasi-optical theory is mentioned often 
in describing radar behavior. The word quasi 
means ''similar'' or ''like.'' When you speak of 
microwaves from ahigh-frequency radar trans- 
mitter being quasi-optical waves in their be- 
havior, you merely mean that invisible radar 
waves act like visible light waves. Therefore, 
in the make up of a radar antenna system that 
will adequately meet the requirements just 
discussed, it is possible to use (1) a central 
RADIATOR, or FEED, which compares with 
the bulb in a headlight (2) a PARABOLIC RE- 
FLECTOR, which compares with the silvered 
headlight cup, or reflector, and (3) a suitable 
means of positioning the beam in azimuth and 
elevation depending on the type of data desired, 

The radiator can be either a dipole ora 
waveguide nozzle, commonly called a FEED- 
HORN, located at the focal point of the parabolic 
dishor reflectorconfiguration. Waves radiating 
from this point strike the parabolic reflector 
in such a manner that they are reflected out- 
ward ina narrow beam similar tothe beam from 
a headlight. 

Figure 53-41 shows spherical wavefronts 
coming from radiator "A" at the focal point of 
a parabolic reflector. As the waves strike the 
reflector, they are straightened out and con- 
centrated into a narrow beam of energy. The 
figure shows the spherical waves from the front 
of the radiator reinforcing the reflected waves 
as they travel outward fromthe reflector. How- 
ever, this is not normally true of microwave 
antennas, for most parabolic reflector arrays 
have reflectors in front of the radiator. These 
reflectors concentrate most of the energy back 
toward the parabolic reflector, where it can be 
directedaccurately, and thus prevent radiation of 
spherical unfocused waves in the forward plane. 
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Figure 53-41 - Parabolic-reflected 
wavefronts, 


Figure 53-42 shows the horizontaland vertical 
patterns produced byatypical parabolic reflector 
array. The reflected beams of RF energy can 
be made quite narrow; hence, the parabolic re- 
flector array has greataccuracyand high direc- 
tivity. 

The parabolic reflector can assumea variety 
of shapes, as can be seen in Figure 53-43. The 
shape of the reflector determines the shape of 
the RF beam. A perfectparabolic dish radiates 
a beam that is approximately the same angular 
width in both the horizontal and vertical plane. 
Other parabolic shapes have radiation patterns 
that are narrow in one plane and wide in the 
other. The TRUNCATED PARABALOID, shown 
in Figure 53-43, focuses the energy into a 
narrow beam in the horizontal plane. Since the 
reflector is truncated, or cut, so that it is 
shortened vertically, the beam spreads out 
vertically instead of being focused. Such a 
fan shaped beam is used to determine azimuth 
correctly. 

The beam being wide vertically, will detect 
aircraft at different altitudes without changing 
the tilt angle of the antenna. The truncated 
parabaloid reflector can also be used in height 
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Figure 53-42 - Parabolic radiation pattern. 
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Figure 53-43 - Retlector shapes. 


finding equipment. For an installation of this 
type, the retiector is mounted so that it is par- 
abolic in the vertical plane and the energy will 
be tocused in that plane. Since the reflector is 
thus shortened horizontally, the beam spreads 
out horizontally instead ot being tocused. Such 
a fanshaped beam is used todetermine elevation 
accurately. Also, with such a wide beam in the 
horizontal plane, a greater area can be scanned 
ina shorter time than is possible with a narrow, 
pencil like beam. 

The desired beam widths are provided for 
VHF radars by a broadside dipole array used 
with a tlat reflecter. When two or more half- 
wave elements placedone-halt wavelength apart 
and parallel to each other are excited in phase, 
most ot the radiation is broadside to the plane 
of ‘the éléments, A flat réivector, located 
approximately one-eighth wavelength behind the 
dipole elements, torms a unidirectional antenna 
system. An example broadside array is illus- 
trated in Figure 53-44, 

Besides the dipole radiator, which is used 
chietly with radars having coaxial feeds, the 
nozzle teed is used frequently. The waveguide 
nozzle, or ‘teedhorn, is merely an enlarged 
section of waveguide. It may be ot several 
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Figure 53-44 - Broadside array with flat 
PEL Glor, 


shapes, as illustrated in Figure 53-45. Horn 
radiators are adapted readily foruse with wave- 
guides, since they may serve not only to match 
the impedance ot the waveguide to the external 
space, but also to produce directed wave pat- 
terns. 

In most radars the feedhorn is covered with 
a window ot polystyrene glass to prevent mois- 
ture or dirt trom entering the open end ot the 
waveguide. 

In some radars that operate at extremely 
high trequencies, feed horns are used alone 
without a retlector, This is done only when the 
wavelength is shorterthan thedimensions of the 
horn opening, because under those conditions 
the RF energy can be directed into the required 
narrow beam without excessive spreading. 


Q28. Name the two main characteristics ofa 
directional antenna. 


Q29. Name two basic components that make up 
a radar antenna? 


Q30. May retlector type antennas be designed 
by following optical principles? Why? 


Q3l. Name two types ot radiating elements 
used with radar antennas. 


Q32. What is the term used to describe the 
ability ot radar equipment to distinguish small 
targets? 


Q33. Anantenna scanningthrough a sector ina 
vertical plane only allows a radar to determine 
what two tactors about a target? 


53-14. Antenna Satety Precautions 


Radio trequency radiation trom the antennas 
ot high power radars present a detinite hazard 
to personnel and equipment entering the beam 
path at short distances trom the antenna. 

Gasoline, oil, detonators, tlares, or ammu- 
nition fitted with electrical primers should never 
be stored or permitted within a 50-toot radius 
of a high powered radar antenna. In the event 
such a condition must temporarily exist, every 
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Figure 53-45 - Horn radiators. 
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A directional antenna provides directivity 
and power gain. 


The two basic components that make up a 
radar antenna are the reflector and the 
radiating element. 


Yes. Reflector antennas exhibit optical 
characteristics. 


Two types of radiating elements used with 
radar antennas are dipoles and nozzles. 


Resolution. 


An antenna scanning through a sector in 
a vertical plane provides data from which 
range and altitude can be determined. 








precaution should be taken to insure that the 
radar system is de-energized and remains so 
during this period. 

Danger zones surrounding the antenna of 
radar systems, whose radiation is injurious to 
personnel, should be prominently marked to 
warn passers-by. Maintenance personnel should 
make certain that the high voltage is secured 
and measures taken to prevent it from being 
turned on by accident while work is being per- 
formed on the antenna. 

Most radar antennas on shipboardare located 
high in the ship's superstructure or ona small 
plattorm on one oi! the masts. Also, many 
radar antennas are quite large and have a great 
amount ot overhang beyond the pedestal or 
mounting base. Therefore, care should be taken 
to avoid being struck by a rotating antenna or 
being pushedoff ot a platform tothedeck several 
feet below. All antennas that rotate in azimuth 
are equipped with safety switches so that main- 
tenance personnel can de-energize the drive 
motor while working on the antenna assembly. 
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EXERCISE 53 


What is the function ot the magnetron ina 
radar transmitter? 

Why are triodes unacceptable as high fre- 
quency oscillator circuits ? 

Basically describe the construction of a 
simple magnetron. 

What is the ditference between a negative 
resistance oscillator and an electron re- 
sonance oscillator? 

What is the cycloid effect? To what does 
it pertain? 

Describe the ditferent types ot anode blocks. 
What controls the frequency ot the mag- 
netron ? 

What are ''spokes?"' 

Describe the various methods of tuning ? 
Why is frequency stabilization of the mag- 
netron desirable ? 

What is the purpose of an echo box? 
Whatare some causes of magnetron arcing? 
What is meant by the term ''seasoning?"' 
What is the function of a duplexer? 
Describe the construction of a duplexer, 
and how the TR and ATR function within 
the device. 

Why is keep-alive voltage applied toa TR 
tube? 
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20. 
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24. 
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26. 


27. 


28. 
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Why are switch transformers used with the 
TR and ATR tubes ? 
Why must caution be used when handling 
TR and ATR tubes? 


Relate the terms'"directivity,'' "horizontal 
beam," ''vertical beam,"' and ''bearing re- 
solution." 


What are lobes ? 

What is a parabolic retlector? What isa 
feedhorn? How are these two elements 
related? 

Describe four types of reflectors, their 
characteristics, and their possible appli- 
cations, 

How can a pencil beam be formed? 

What type of array would be used to obtain 
high resolution data ? 

Describe the safety tactorsto be considered 
when working on an antenna? 

Define ''working electron." 

What is the phase relationship between ad- 
jacent anode segments in a magnetron 
operating in the pi mode? 

From what source is the output energy of 
the magnetron derived? 

At what potential is the anode of a magnetron 
operated? 


CHAPTER 54 


RADAR RECEIVERS 


Of the thousands of watts peak power transmitted 
from a radar antenna, only a few milliwatts are 
returned to it as a target echo. The RADAR 
RECEIVER must be sensitive enough to detect 
this weak signal and amplify it to the level re- 
quired for presentation. 

This chapter deals with the study of the cir- 
cuits used in the radar receiver and their pur- 
pose in receiving the target echo signals. 


54-1. Basic Functional Block Diagram 


Essentially the radar receiver is a special 
type of superheterodyne receiver. The basic 
functional block diagram is shown in Figure 
54-1. 

The function of the antenna is to convert the 
electromagnetic energy received from a target 
to electrical energy that is called the ECHO 
SIGNAL. By the use of a duplexer in the wave- 
guide, the receiving antenna may also be used 
as the transmitting antenna. 

The duplexer acts as a switching device. 
During the transmitting time, the highly sensitive 
receiver is protected by the waveguide design 
of the duplexer and its TR tube or tubes. Be- 
tween transmitter pulses the duplexer connects 
the antenna to the input of the receiver. 

The first block of the radar receiver is the 
mixer. The device used to provide mixing ina 
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Figure 54-1 - Block diagram. 
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radar receiveris usually a crystal. The crystal 
is a non-linear device which mixes a continuous 
wave from the local oscillator with the incoming 
echo signal to produce an intermediate fre- 
quency possessing the same intelligence as the 
echo signal. 

The local oscillator produces the continuous 
wave Signal of the proper frequency. Its fre- 
quency is usually 30 Mc above the incoming 
frequency. After mixing action has occurred, 
the 30 Mc frequency difference which results 
will be the intermediate frequency. The local 
oscillator must be able to generate very high 
frequencies and provide some means of adjusting 
its frequency by electrical means. 

After heterodyning, the signal output from 
the mixeris of a low amplitude. It must, there- 
fore, undergo amplification. Since both the fre- 
quency and amplitude of the input pulseare crit- 
ical, the amplifiers assigned to perform the 
function of amplification must do so contributing 
little or no distortion in the form of noise, clip- 
ing, or limited frequency bandpass response. 
Todo this the amplifiers chosen will be of the 
tuned variety. A tuned amplifier can be adjusted 
to amplify only a narrow range of frequencies 
while rejecting all others. To provide a high 
gain, several IF amplifiers are connected in cas- 
cade. Whenthis is done, the series of amplifiers 
is called the IF STRIP. The IF strip will sub- 
stantially increase the amplitude of the signal. 
The IF striphas the primary control of receiver 
gain. 

The mixer stage is considered the first de- 
tector. The second detector is placed after the 
IF strip to remove the carrier. The output of 
the second detector is a square wave pulse of 
voltage. 

The output of the second detector is then ap- 
pliedto the input of a wide band amplifier called 
a VIDEO AMPLIFIER. The characteristics of 
a good video amplifier are a wide bandpass 
andadequate gain. Sincethe pulse of intelligence 
resembles a square wave, it will contain a large 
number of odd harmonics. To avoid distortion 
of the pulse, the video amplifier must amplify 
all of the harmonic frequencies equally. The 
output of the video amplifier is then sent to the 
presentation system. 

Figure 54-1 shows a block designated as AFC. 
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This is the automatic frequency control circuit. 
The AFC provides acontrol voltage forthe local 
oscillator. This control voltage adjusts the 
local oscillatorto keep the difference frequency 
or IF constant. 


The AFC circuit develops its control signal 
from an amplifiedand discriminated sampling of 
the IF signal produced by the AFC mixer as- 
sembly. 


54-2. Velocity Modulation 


To meet the requirements of the local oscil- 
lator ina radar receiver a new type of tube was 
developed called the VELOCITY MODULATED 
TUBE, Its principles of operation are related 
to those of the magnetron. 


The ordinary electron tubes are DENSITY 
MODULATED, With a higher positive plate 
potential applied to an ordinary electron tube, 
the plate current will increase. This is due to 
the greater number ofelectrons attracted to the 
plate from the cathode space charge. The control 
grid ofa triode tube varies the density of the elec- 
tron stream between the cathode and the plate. 
Thecontrol gridhas but little effect on the velo- 
city of the electrons. Shouldthe velocity of some 
of these electrons be changed, electrons would 
arrive at the plate with more or less kinetic 
energy. 


An electron moving against an electrostatic 
field can be caused to increase its velocity. 
Increasing its velocity, the electron acquires 
more energy. The source of this new found 
energy is the electrostatic or DC field. If the 
electrons velocity is decreased, it will release 
energy. Its lost energy will be released to 
the AC or RF field which is developed by resonant 
circuits connected to grids within the tube. 
Therefore, thereis anexchange of energy taking 
place between the electron and the electrostatic 
fields every time electron velocity is caused to 
change. 


The circuitin Figure 54-2 isa basic velocity 
modulated tube. Its basic construction consists 
of an indirectly heated cathode, an accelerator 
grid, a set of buncher grids connected to a 
resonant cavity, and a collector plate. The 
accelerator grid, buncher grids andthe collector 
plate are all made highly positive with respect 
to the cathode. The cavity resonator will act 
like a parallel resonant circuit. 


Figure 54-3 shows the cavity replaced bya 
parallel LC circuit. After electron emission 
has begun, electrons will leave the cathode at a 
high velocity. Some of these electrons will 
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Figure 54-2 - Basic velocity modulated tube, 


strike the accelerator grid and the buncher 
grids ontheir way to the highly positive collector 
plate. The electrons striking these grids will 
cause a small amount of current to flow in the 
accelerator and buncher grid circuits. In the 
buncher circuit, the current flow will cause the 
LC circuit to produce the flywhecleffect. Figure 
594-3 also shows the distance between the buncher 
grids as one-half wavelength. When the fly- 
wheel effect of the LC network commences, 
a sine wave of voltage will be developed across 
the buncher grids. When grid A is positive, 
grid B willbenegative, When grid Aisnegative, 
grid B willbepositive. Therewill beanelectro- 
static field existing between the grids in the 
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Figure 54-3 - Velocity modulated tube. 
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direction from the positive and toward the neg- 
ative, 

For the analysis of the buncher grid action on 
the electron stream moving from cathode to 
collector plate, three voltage conditions for the 
buncher grids will be used. The velocity of three 
different electrons willbe compared with grid A 
more positive than grid B with grids A and B at 
equal potential, and with grid A less positive 
than grid B. The potentials will alternately be 
applied to the buncher grid by the flywheel effect 
of the tank circuit. Effectively there will bea 
sine wave of voltage applied across the buncher 
grids, When gridA is positive with respect to 
grid B, there will be an electrostatic field be- 
tween the grids in the direction from A to B. 
An electron designated as #1 (Electron #1) will 
be accelerated to a given velocity as it passes 
the accelerator grid. As it nears the buncher 
field it comes under the influence of the field 
existing between the buncher grids. It is known 
that when an electron is caused to move with 
the direction of an electric field, the electron 
decelerates. Electron #1 will be decelerated. 
When the electron decelerates it loses part of 
its energy to the electrostatic (AC) field. Elec- 
tron #1 will pass through the buncher grid B 
with less velocity thanit had when itapproached. 

Assume that another electron designated as 
#2 approaches the buncher grids when there is 
no difference in potential between them. Elec- 
tron #2 will pass through the buncher grids with 
the same velocity that it possessed before it 
arrived at the buncher grids. 

Assume that another electron, #3, arrives 
near the buncher grid whengridA is negative with 
respect to grid B. The direction of the electro- 
static field betweenthe grids willbe inadirection 
from BtoA. Electron #3 approaching the buncher 
grids will come under the influence of this field. 
Since the electronwill be moving in the opposite 
direction to the field, it will be accelerated. 
Therefore, the alternating voltage across the 
buncher grids causes the velocity of the elec- 
trons to vary. This is velocity modulation. 

Figure 54-3 shows the electrons possessing 
different velocities. The analysis was begun with 
the decelerated electron #1 or the low velocity 
electron. Then followed #2 the medium velocity 
electron, and electron #3 the high velocity elec- 
tron, Since they are each traveling at different 
velocities, given sufficient space, #2 will even- 
tually catch up to #1. In fact, it is feasible that 
the high velocity electron will catch up to both 
the medium and low velocity electrons. When 
this occurs, all of the electrons will betravelling 
away from the vicinity of the buncher grids in 
a group. This grouping action is known as 
BUNCHING. A diagram showing this effect is 
illustrated in Figure 54-4, 
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Figure 54-4 - Bunching. 


The bunching action occurs between the 
buncher grids and the collector plate (this area 
is the drift space) ata point wherethe velocities 
of the electrons cause the paths ofthe electrons 
to converge. After that point, the electrons will 
move away at different velocities (near their 
original accelerated or decelerated velocities) 
toward the collector plate. The collector plate 
is usually located close to the point of electron 
divergence. Therefore, it may be said that the 
electron stream under the influence of the RF 
voltage applied to the buncher grids, moves 
down the tube in bunches rather than a continu- 
ous stream. 


Ql. Name a difference between density mod- 
ulation and velocity modulation? 


Q2. What causes bunching action? 


54-3. Basic Klystron 


The velocity modulated tube described in 
Section 54-2 served no useful purpose. There 
was anexchange of energy betweenthe electrons 
of different velocity and the RF electrostatic 
field, but in no way was this energy used with 
the possible exception of maintaining the oscil- 
lations of the cavity resonator. Even though the 
electron stream may be made to arrive at the 
collector plate in bunches, the effect of the 
bunching action differs inno way from the effect 
produced in a density modulated tube operated 
class ''C'' where current pulses reach the plate. 

Away must be found for extracting the energy 
from theaccelerating and decelerating electrons 
to serve a useful purpose. This can be accom- 
plished by introducinga new setof grids into the 
tube. These new grids are called CATCHER 
GRIDS and are connected to a cavity resonator. 
This new device is called a basic POWER 
KLYSTRON and is shown in Figure 54-5. 

For the sake of simplicity, the cavity resona- 
tor is replaced by its LC equivalent. The 
function of the catcher grids is to absorb any 
energy released from the electrons, in this 
case the bunched electrons. The tube is de- 
signed so that the bunching action of the elec- 
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Al. In density modulation, the velocity of the 
electrons passing from cathode to plate is 
constant, 


A2. The RF voltage developed by the cavity 
resonator which is then applied to the 
buncher grids. 





Figure 54-5 - Basic klystron. 


trons occurs at a point equal to the midpoint 
between the catcher grids. 

If the relative catcher grid potentials are as 
shown in Figure 54-6A, when each bunch of 
electrons reaches the first grid of this set, the 
AC field is such that it slows them down and 
thus absorbes energy from them. By the time 
the electron bunch reaches the second grid of 
the set, the relative potentials are reversed as 
shown in Figure 54-6B, because they are sep- 
arated by a distance equal to a half wavelength. 
Therefore it takes the group of electrons approx- 
imately one half-cycle to go from one grid to 
the other. The second catcher grid also slows 
down the bunched electrons and absorbes energy 
from them. After delivering energy to the 
tuned circuit connected to the catcher grids, 
the spent electrons are removed by the positive 
collector plate. In this manner energy is re- 


moved from the passing electron bunches. 

If a portion of the energy of the catcher tank 
is fed back in the proper phase to the buncher 
tank, the klystron can be caused to oscillate in 
much the same way as the TPTG oscillator. In 
this example, the catcher tank is analogous to 





Figure 54-6 - Change of catcher grid potential. 
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the plate tank of the TPTG oscillator, and the 
buncher tank is similar to the grid tank. 

The successful operation of the klystron as 
an oscillator requires that the energy needed 
for bunching be less than that delivered to the 
catcher. Amplifying actionoccurs inthe klystron 
because the electrons pass through the buncher 
in a continuous stream and through the catcher in 
definite bunches. 

Sincea continuous stream ofelectrons enters 
the bunching grids, the number of electrons 
accelerated by the alternating field between the 
buncher grids on one half-cycle of oscillation 
is equaled exactly by the number of decelerated 
electrons on the other half cycle. Therefore, 
the net energy exchange between the electron 
stream and the buncheris zero over a complete 
cycle, except for the losses that occur in the 
tuned circuit of the buncher. 

At the catcher a different situation exists. 
The electrons are traveling in bunches with the 
proper spacing so that they enter the catcher 
field only when the oscillating circuit is in its 
decelerating half-cycle. By this action more 
energy is delivered to the catcher than is taken 
from it. Thus the tube produces amplification. 

The klystron may be used as an amplifier, 
oscillator, or mixer. Forworkatultra highfre- 
quencies the tuned circuits of the buncher and 
catcher usually are cavity resonatorsas shown in 
Figure 5407. In this diagram,a grid is attached to 
each side of the cavity. These resonant cavities 
are very efficient, and are so small at extremely 
high frequencies that the entire cavity may be 
sealed inside the envelope of the tube. In this 
case, the cavity is tuned by varying the spacing 
of the cavity grids. Thus a slight flexing of the 
tube varies the effective capacitance of the tuned 
cavity circuit. In another type of construction, 
the grid connections arebrought out through the 
envelope of the tube and an external cavity is 
used, clamped aroundthetube. Insucha system, 
the cavity is tuned by changing its effective in- 
ductance. This can be done, for example, by 
screwing plugs into the periphery of the cavity. 
Energy may be coupled into or out of the cavity 
resonators by means of one-turn coupling loops, 
placed as shown in Figure 54-7, which provide 
coupling with the concentric magnetic flux with- 
in the cavity. Energy is carried from or to 
these loops by coaxial lines. 


Q3. How is energy absorbed from the passing 
electrons by both of the catcher grids? 


54-4. Reflex Klyst ron 


When the basic klystron is used as an oscil- 
lator, itis critical to adjust. For that reason, 
the REFLEX KLYSTRON was developed. The 
reflex klystron differs from the basic klystron 
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Figure 54-7 - Klystron tube with resonator. 


discussed in Section 54-3 in thatthe same grids 
are used for both bunching and catching. Also 
the collector plate is replaced by a REPELLER 
PLATE. The potential applied to the repeller 
plate is negative. Electrons moving toward 
this plate will be repelled back in the direction 
of their origin. The repeller plate is the most 
negative element in the tube. A diagram showing 
the reflex klystron is shown in Figure 54-8. 
The reflex klystron is similar in operation 
to the basic klystron, Electrons accelerated by 
the accelerator grid will be velocity modulated 
as they passthroughthecavity grids. The cavity 
grids in the reflex klystronperform this function 
in the same manner in which it was performed 
in the basic klystron. The electrons after 
passing through the cavity grids will move at 
different velocities. Since the repeller plate is 
made highly negative, the electrons progressing 
toward it will stop and reverse their direction. 
The high velocity electrons will come physically 
closerto the repeller plate than either the med- 
ium or low velocity electrons. After repulsion, 
they will be directed back toward the cavity 
grids, In the reflex klystron, bunching action 
occurs onthe return trip of the electrons. In 
fact, bunching occurs immediately before the 
electrons come under the influence of the RF 
field about the cavity grids. The distance that 
the electrons move before they are repelled by 
the negative repeller plate is a function of the 





Figure 54-8 - Reflex klystron. 


voltage values of the accelerating grid, the dc 
value of the voltage applied to the cavity grids, 
the dc voltage applied to the repeller plate, and 
the magnitude of the RF voltage coupled to the 
cavity grids by the cavity resonator. The volt- 
ages applied andthe physical constructionof the 
klystron should be of such values that the elec- 
trons will return to the cavity grids in bunches. 

The potential of the cavity grids when the 
repelled electrons return is important. The 
bunched electrons should be returned when the 
potential applied to the cavity grids is such that 
the energy of the returning bunches will be ab- 
sorbed. The maximum absorption of energy 
will occur when the bunched electrons reach the 
midpoint bet ween the cavity grids in coincidence 
with the maximum positive peak of RF voltage 
between these grids. As the electron bunch 
reaches the midpoint the grid nearest the rep- 
eller plate must be positive in relation to the 
other buncher grid for correct alignment of the 
electrostatic field. The electron bunch will be 
decelerated in this field, thus expending some 


of its energy in sustaining RF oscillations with- 
in the grid cavity. Under these conditions, elec- 


trons leaving the cathode will receive maximum 
acceleration from the cavity field, while return- 
ing electron bunches will receive maximum de- 
celeration. If the gridsare seperated by approx- 
imately one half a wavelength, the electron bunch 
would pass through the first grid (one nearest 
the repeller plate) as its RF potential is zeroand 
changing from negative to positive. The electron 
bunch would pass through the second grid when 
its potential is zero and is changing from nega- 
tive to positive. After the returning electron 
bunches have given their energy to the cavity, 
they are absorbed by thecavity grid nearest the 
cathode and are returned to the power supply. 

The cavity grids perform a dual function- 
velocity modulation and that of a catcher grid. 
The output from the tube is taken by use of the 
coupling loop shown in the diagram. 

By proper adjustment of the negative voltage 
appliedto the repeller plate, the electrons which 
have passed through the bunching field may be 
made to pass through the resonator again at the 
proper time to deliver energy to this circuit. 
Thus the feedback needed to produce oscillations 
is obtained and the tube construction is greatly 
simplified. Spent electrons are removed from 
the tube by the positive accelerator grid or by the 
grids of the resonator. The operating frequency 
of the tube can be varied over a small range by 
changing the voltageon the repeller plate. This 
potential determines the transit time of the elec- 
trons between their first and second passages 
through the resonator. However, the output 
power of the oscillator is affected considerably 
more than the frequency by changes inthe mag- 
nitude of the repeller voltage. This is because 
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A3. It occurs because the catcher grids set up 
a decelerating field, and a decelerating 
electron gives up energy. 





the output power depends upon the fact that the 
electrons are bunched atexactly the decelerating 
half cycle of oscillating grid voltage. The vol- 
ume of the resonant cavity is changed to change 
the oscillator frequency. The repeller voltage 
may be varied over a narrow range to provide 
minor adjustments in frequency. 

Q4. What isthe advantage of the reflex klystron 
over the two cavities, orthe velocity modulated 
tube using boththe buncher grids andthe catcher 
grids. 


54-5. Operational Analysis 


It was mentioned that the electron bunches 
should arrive at the grids midpoint when the RF 
swing is at its maximum positive value on the 
grid closest to the repeller plate. It is not 
necessary for the electron bunches to return on 
the first positive half cycle. They may be re- 
turned on the second, third, or fourth positive 
half cycles. The positive half cycle in which the 
electrons are returned and bunching occurs de- 
termines the MODE OF OPERATION, There- 
fore, the mode of operationis determined by the 
transit time of the electrons. Transittime here 
means the time between which electrons leave 
the bunching grids andthe time whenthe bunches 
deliver their energy to the cavity grids. Figure 
54-9 shows the electrons being returned for the 
different operational modes. For the first 
mode, the bunching should occur 3/4 of a cycle 
after the average velocity electrons leave the 
bunching grids, the second mode of operation 
occurs | and 3/4 cycles after the average ve- 
locity electrons leave the bunching grids, the 
third after 2 and 3/4 cycles, and the fourth after 
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Figure 54-9 - Modes of operation. 
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3 and 3/4 cycles. In practical operation, either 
the second, third, or fourth modes are used. 

The mode of operation is determined by the 
transit time of the electrons, The transit time 
is a function of both the accelerator voltage and 
the repeller plate voltage. Since the accelerating 
voltage is afixed quantity, the mode of operation 
is controlled by the repeller plate voltage. 

Figure 54-10 shows power output and fre- 
quency of oscillations as functions ofthe repeller 
voltage for three modes of operation. Notice 
that the frequency at the point of maximum out- 
put is the same for all three modes and is the 
resonant frequency of the cavity. In addition, 
note that the power outputs forthe various modes 
at the resonant frequency are not the same and 
that the output is leastat the highest mode. This 
can be explained by examiningthe factors which 
limit the amplitude of oscillations and which, in 
turn, limit the power output. 

Power and amplitude limitations are due 
to overbunching as well as the usual losses in 
the oscillatory circuit. Overbunching occurs 
in the following way. As oscillations build up 
andthe voltage on thecavities becomes greater, 
the amount of acceleration and deceleration in- 
creases, This causes bunching to occur ina 
shorter period of time, that is, in a time before 
the electrons reach the grids on the return 
trip. This tends to reduce the magnitude of the 
oscillations, In the higher modes of oscillations 
where the bunches are formed more slowly, 
the electrons are more susceptible to over- 
bunching. The magnitude of the RF voltage that 
results from over-bunching is therefore lower, 
and oscillations are limited by this actiontoa 
lower amplitude than in the lower modes of 
operation, 

As shown in Figure 54-10, the frequency of 
oscillations ina reflex klystron is variable toa 
limited degree in any of the modes of operation 
by varying the repeller plate voltage. When the 
repeller plate voltage is varied, it causes a 
bunch to return either a little sooner or a little 
laterthan normal. Off resonance, the amplitude 
of oscillations decreases by an amount de- 
termined by the Q of the cavity. In this tube the 
tuning range is small in comparison with the 
frequency of oscillations and varies somewhat 
from one mode to another. It is greatest in the 
highest mode, because bunching and debunching 
take place ata slower rate and because greater 
variation from the ideal time of returnis possible 
without debunching. This would causethe ampli- 
tude of oscillations to drop below the usable 
output level. 

Another perspective is that in the highest 
mode the interval between electrons leaving the 
grids and returning is greater. Therefore, the 
change in period represented by a given change 
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Figure 54-10 - Power output and frequency. 


in frequency is a smaller portion of the inter- 
val. To illustrate, in the third mode the in- 
terval before return must be about two and 
three-fourths cycles. A small change in the 
period of the RF applied to the grids would 
therefore be only 3/11 as great a portion of the 
interval as it would if operation were in the 
first mode where the idealtime is three-fourths 
of a cycle. 

* The band of frequencies which can be obtained 
by varying the repeller plate voltage lies between 
the half power points shown in Figure 54-10. 
This range of frequencies is knownas the ELEC- 
TRICAL BANDWIDTH. The outputcurves of the 
bandwidth are not symmetrical about the max- 
imum output points. This results from the fact 
that if the repeller voltage is increased, not 
only does the bunching voltage decrease and 
cause the bunches to form ata later time, but 
the repeller voltage causes a quicker return. 
The effects of the two actions add to cause poor 
bunching at the time the electrons return, re- 
sulting in a rapid drop in outputon the high side 
of the hump. At lower voltages, however, even 
thoughthe bunching voltage decreases and causes 
slower bunching, the decreased repeller voltage 
causes a later returnto the grids. In this way 
the two effects are counteracting anda greater 
change in repeller voltage is possible before the 
output drops below the usable level. 

The choice of the pointand mode of operation 
is a compromise among several factors. To 
begin with, there are three or four modes that 
have the necessary power output. Consequently 
it would appear that the correct choice would be 
the highest mode, for it gives the largest tuning 
range. The highest mode, however, is too 


sensitive to a change in voltage to be very well 
regulated. A change of one volt may cause a 
change of 0.5 Me in the 3000 Me oscillator. 
Since the power output modes are not symmet- 
rical, the point of operation is usually chosena 
little below the point of maximum output. This 
makes possible the tuning above the operating 
frequency by a greateramount than if the maxi- 
mum point were used. 

In practice, the reflex klystron is usually 
used in conjunction with an automatic frequency 
control circuit. This circuit controls the re- 
peller voltage in such a way as to maintain the 
correct intermediate frequency. The automatic 
frequency control is usually provided by a fre- 
quency discriminator. Keep in mind that the 
frequency of oscillations is primarily determined 
by the dimensions of the cavity and that the re- 
peller voltage is effective in making small 
changes in the frequency. Hence, in most re- 
flex klystrons there is a coarse frequency 
adjustment that varies the cavity size in some 
way. The repeller voltage is the fine frequency 
adjustment. 

Table 54-1 shows some of the operating 
characteristics of reflex klystrons. The data 
in this table gives some idea of the order of 
magnitude of the tube operating parameters, 
There is awide variation between different tubes 
and different conditions of operation. 

The K417 reflex klystronis one of the earlier 
types that was used for 10-cm operation. One 
feature of this tube was that in its early appli- 
cation it did not have a provision forcontrolling 
the frequency through a change inthe repeller 
voltage since boththe coarse and fine frequency 
controls changed the cavity grid spacing. 
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A4. When used as an oscillator, the reflex 
klystron is easier to tune. The tuning of 
the two cavity tube is accomplished by the 
tuning of both of the cavities which are 
interdependent on one another. 








Another 10-cm tube is the 707A (McNally) 
tube shown in Figure 54-ll, Init the cavities 
are external to the tube and are not evacuated. 
This makes them susceptible to changes in 
temperature which results in changes in fre- 
quency. To establish good frequency stability, 
it is necessaryto control the cavity temperature. 
The coarse frequency control consists of plugs 
which, when screwed into or out of the cavity, 
change its size, Fine frequency control is 
accomplished by the variable repeller plate 
voltage control. 

The Shepherd-Pierce tube shown in Figure 
54-12 is an all metal tube which is available 
for both 10-cm and 3-cm operation, The cavities 
are located inside the tube. Mechanical coarse 
tuning is accomplished through a strut on the 
side of the tube. The strut is adjusted by a 
screw which, in turn, varies the size of the 
cavity. The repeller voltage control serves as 
the fine frequency control. The 10-cm and 
3-cm type Shepherd-Pierce tubes differ in the 
shape of the cavity and in the method of coupling 
the output, 


Q5. What controls the frequency of the reflex 
klystron? 


Qo. What advantage has the reflex klystron 
compared to the two cavity velocity modulated 
tuibe ? 


Q7. Why is the highest mode of operation in the 
reflex klystron not used? 












Freq. Ace. 
No. Name Mfr. iMcps; Voltage 
K4i7  Klystron Sperry 3000 300-600 
TOTA McNally W.E.and 3000 250.325 
Raytheon 
726A Shepherd- Wi E. 3000 300 
Pierce 
723A Shepherd- W.E. 9400 300 
Pierce 


CRYSTAL MIXERS 


54-6. Frequency Considerations 


The purpose of a mixer in any receiver is 
to accomplish the process of heterodyning. 
When two frequencies are beat together, there 
are other frequencies produced. There are the 
Original frequencies, the sum of the frequencies, 
and the difference between the frequencies in 
the output. The difference frequency is then 
used as the intermediate frequency. 

To accomplish mixing action eithera vacuum 
tube or a solid state device such as a crystal is 
used. Both of these devices are non-linear, a 
requirement for a mixer, 

Ordinarily, a vacuum tube is used at low 
frequencies such as those encountered at com- 
munications frequencies. At frequencies above 
1000 mc the vacuum tube produces a high level 
of noise that cannot be tolerated at the input of 
the radar receiver. The input to a radar re- 
ceiver is a very small signal, If there is a high 
level of noise generated in the mixer, the signal 
will be lost in the noise. At these high radar 
frequencies, CRYSTAL MIXERS areused. ‘They 
satisfy the non-linear requirement for a mixer 
and produce much less noise than the vacuum 
tube. One other limitation of the vacuum tube 
when used at high frequencies is the effects due 
to the transittime. Useofthe crystal minimizes 
this effect. 

Either a germanium diode or a silicon diode 
may be used to perform the function of the 
mixer, however, the silicon diode is preferred, 
They are preferred because of low conversion 
losses, low noise, better frequency response, 
and their ability to withstand momentary over- 
loads, 


54-7. Crystal 

The silicon diode should not be confused with 
the function of the crystals which utilize the 
piezoelectric effect. The function of the crystal 
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Table 54-1 - Typical reflex klystron tubes. 
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Figure 54-12 - Shepherd-Pierce reflex 


klystron. 


in the silicon diode is quite different. 

This silicon diode or semiconductor diode 
is calleda POINT CONTACT DIODE, Itis shown 
in Figure 54-13A, Unlike the junction diode, the 
point contact diode depends on the pressure or 
contact between a point and a semiconductor 
crystal for its operation, 

One section consists of a small rectangular 
crystal of N-type silicon. A fine berylium- 
copper, bronze-phosphor, or tungsten wire 
called the catwhisker presses againstthe crystal 
and forms the other part of the diode. The 
reason for using the pointed wire instead ofa 
flat metal plate is to produce a high intensity 
electric field at the point contact without using 
a large external source voltage. It is not possible 
to apply large voltages across the average 
semiconductors because of excessive heating. 

The opposite end of the catwhisker is one of 
the terminals of the diode. It has a low resist- 
ance contact to the external circuit. Figure 
54-13D illustrates a cutaway view of the point 
contact diode and the low resistance path to the 
external circuit. A flat metal plate on which 
the crystal is mounted forms the lower contact 
of the diode with the external circuit. Both 
contacts with the external circuit are low re- 
sistance contacts. The conventional symbol for 
the crystal diode is shown in Figure 54-13C. 
The arrow points in the direction of conventional 
current flow; electron flow is in the opposite 
direction, against the arrow. 

During the manufacture of the point contact 
diode, a relatively large currentis passed from 
the catwhiskerto the siliconcrystal, The result 
of this large current is the formation ofa small 
region of P material around the crystal in the 
vicinity of the point contact, as shown in Figure 
54-13B. Thus, there is a PN junction formed 
which behaves in the same way as the PN junc- 
tions previously described. 

The characteristics of the point contact diode 
under forward and reverse bias are somewhat 
different from those of the junction diode. With 
forward bias the resistance of the point contact 
diode is higher than that of the junction diode. 
With reverse bias the current flowthrougha point 
contact diodeis not as independent of the voltage 
applied to thecrystalas itis inthe junction diode. 
The point contact diode has an advantage over the 
junction diode in that the capacitance between the 
catwhisker and the crystal is less than the ca- 
pacitance between the two sides of the junction 
diode. As such, the capacitive reactance existing 
across the point contact diode is higher and the 
capacitive current that will flow in the circuit at 
high frequencies is smaller. 


Q8. What characteristic of the point contact 
diode permits its use as a rectifying device? 


A5. ,The dimensions of the resonant cavity. 


A6. The reflex klystron is easierto tune when 
it is used as an oscillator. 


A7. Because at that mode, the frequency adjust- 
mentis critical. With a small change in 
voltage appliedto the repeller plate alarge 
change in frequency results. 


A&. It offers more resistance in one direction 
to the flow of current, and less in the 
opposite direction. It is also a non-linear 
device. 
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Figure 54-13 - Point contact crystal diode. 


54-8. Single-Ended Crystal Mixer 

A basic SINGLE-ENDED CRYSTAL MIXER 
is shown in Figure 54-14. The inputs to the 
circuit are the local oscillator continuous wave 
frequency, and the modulated RF input signal. 
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The crystal will perform the process of rec- 
tification which will result in an average dc 
current that may be recorded by the de current 
meter. The output of the crystal will be a 
pulsation of dc which will contain many har- 
monics plus the sum and difference frequencies 
produced by the heterodyning action of the non- 
linear crystal. The only frequency component 
of concern is the difference frequency which will 
become the modulated intermediate frequency. 
All of the other frequency components of the 
crystal output must be eliminated. This elim- 
ination is accomplished by the use of a filter 
network. The desired intermediate frequency 
will be developed across the resonant circuits 
tuned to the value of the intermediate frequency. 
Because of the flywheel effect of the tank cir- 
cuits, a full modulated sine wave output will be 
produced. 

The crystal current meter will indicate 
whether the tuned circuit is tuned to the proper 
frequency. It will also indicate the crystal 
condition. If there is zero current, the crystal 
could be open. If there is an excessive amount 
of current, the crystal could be shorted. 


Q9. What is the indication on the dc crystal 
current meter when thel. F. tank circuitis tuned 
to the proper intermediate frequency? Why? 


54-9. Balanced Crystal Mixers 


One disadvantage of the single-ended crystal 
mixer is that it does not eliminate noise. This 
disadvantage is overcome by the use of a BAL- 
ANCED CRYSTAL MIXER. 

At radar frequencies, waveguides and coaxial 
lines are used to couple RF energy from one 
point in a circuit to another. In these appli- 
cations, the mixercrystals are inserted directly 
into the waveguide, waveguide section, or coaxial 
line. 
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Figure 54-14 - Basic single-ended crystal 
mixer. 
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A balanced crystal mixer is shown in Figure 
54-15. In this type of mixer, the crystals are 
inserted directly into each side of the coaxial 
section. The local oscillator input is applied 
from the probe as shownin the diagram. The 
local oscillator voltage will be applied to each 
crystal with the same magnitude and phase re- 
lationship. 

The input for the echo signal or modulated 
RF input signal is on the left side of the section. 
The generator shown in that position represents 
the TR device. Crystal #1 is located 1/4 wave- 
length from the TR device. The second crystal 
#2 is located a half wavelength from crystal #1. 
Crystal #2 is located at1/4 wavelengthfrom the 
shorted right-hand side of the section. The 
voltage applied to crystal #2 willbe a maximum 
because it is located 1/4 wave from the shorted 
end. The voltage atcrystal #lisalsoatmaximum 
because it is located 1/4 wave from the TR de- 
vice whichmay be assumed to bea short. Since 
crystal #1 is located a half wave away from 
crystal #2, there will be a difference of 180° 
between the echo voltages applied to them. 

The output terminals forthe circuit shown in 
the diagram will couple the IF signal from the 
crystals to the balanced transformer. Since 
there is a difference between the phase of the 
echo signals applied between the two crystals, 
and because the voltages applied to the crystals 
from the L.O. input probe are in phase, there 
will bea condition where both signals applied to 
crystal #1 will bein phase, and voltages applied 
to crystal #2 will be 180° out of phase. This 
means that an IF signal of one phase will be 
produced by crystal #1, and anIF signal of the 
opposite phase will be produced across crystal 
#2. When these two signals are applied to the 
balanced output transformer, they will add. If 
the outputs were ofthe same polarity, they would 
cancel across the balanced transformer. 
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Figure 54-15 - Balanced crystal mixer 
(coaxial). 
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It is this action that eliminates the noise. 
The noise components which areintroduced with 
the L.O. probe, are applied in sucha fashion 
so that they will be in phase with the voltages 
applied to each crystal. This means that they 
will be cancelled at the output transformer. If 
they were applied out of phase with the local 
oscillator signal, the noise would appear in the 
output. 

In this example, coaxial sections of trans- 
mission line were used. For higher frequency 
applications, waveguide sections are used. 
Figure 54-16 shows a balanced mixer using 
waveguides. Since the waveguide section forms 
the letter T, the device is sometimes referred 
as the MAGIC T. Its operation is similar to 
the operation of the balanced mixer using the 
coaxial section. The difference between this 
type and the coaxial type is that the L.O. input 
and the RF input are not introduced into the 
waveguide by probes. They are introduced into 
the guide through the arms of the T section. 

The position of both crystals are suchthat 
they are located 1/4 wavelength (at a point of 
maximum voltage) from their respective ends, 
and 1/2 wavelength from each other. The output 
is taken from the crystals and applied to a 
balanced transformer 

The echo signalis applied througharm A and 
is distributed in arms C and D. There is a 180 
degree phase shiftin the phase of these two sig- 
nals. This phase shift is shown by the direction 
of the arrows in both sides of the guide. The 
local oscillator input is applied to the guide 
through arm B. This inputis also distributed 
equally in both arms of the guide. However, 
there is no phase shift between the L.O. com- 
ponent in each of the arms. These voltages are 
in phase. Therefore, at crystal #1, the signal 
input (echo signal) and the local oscillator sig- 
nal are in phase. At crystal #2 the local oscil- 
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Figure 54-16 - Magic T or balanced hybrid 
mixer. 
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the modulated IF signals. They will normally 


A9. Minimum current on the crystal current 
meter because at resonance, the tank cir- 
cuit will offer a maximum impedance. 








lator signal and the echo signal are 180 degrees 
out of phase. The phase relationship of these 
two signals is shown inthe diagram. The out- 
puts from the crystals will then be applied to 
the balanced transformer. Since the signals 
are out of phase, the noise component which is 
in phase withthe L.O. frequency will be cancelled 
in the same manner as it was in the coaxial 
section. 

The difference between the balanced mixer 
using the coaxial section and the one using the 
hybrid junction is that the hybrid ‘junction is 
used at higher frequencies such as the radar 
frequencies. The output of both of these types 
is then applied to an IF amplifier where the 
signal will be amplified. 


Q10. How is noise eliminated in the balanced 
crystal mixer? 


Qll. Why are the crystals located 1/4 wave- 
length from the ends of the devices—bdoth the 
coaxial and the magic T? 


IF SECTION 


54-10. Wide Band Amplifier 


The IF amplifier in a normal radio receiver 
isahigh gain tuned amplifier adjusted to amplify 


pass anarrow band offrequencies. The demands 
made of the IF amplifierused ina radar receiver 
are different from those made of the ordinary 
IF amplifier used in conventional radio re- 
ceivers. The differenceis dictated by the nature 
of the signal to be amplified. Video pulses 
encountered in radar receivers are abundant in 
odd harmonics. The video pulses resemble 
square waves. If an amplifier is used that will 
not amplify all of the harmonic frequencies 
equally, the output waveform will be distorted 
and inaccurate range determination will result. 
Therefore, the bandpass of the IF amplifiers 
used in radar receivers will be considerably 
greater than the bandpass of IF amplifiers used 
in ordinary radio receivers. The IF amplifier 
in the radar receiver imposes the bandwidth 
limitations for the entire receiver, and controls 
the overall gain of the system. 

The IF amplifiers used in radar receivers 
may be composed of more than one stage of 
amplification. All theIF stages taken asa group 
igs normally refered to as the IF section or 
"IF strip.'' The IF section may be composedof 
IF stages which may be single tuned, stagger 
tuned, double tuned, or sometimes untuned, 
They may be connected cascode or cascade. 

The IF section shown in Figure 54-17 is 
composed of conventional wide band amplifiers 
(pentodes) connected in cascade (plate to grid). 
Tuning of the amplifiers is accomplished by the 
variable inductors L), Lz, L3and Ly. These in- 
ductances associated with the total shunt ca- 
pacitance of the stage serve as resonant circuits. 





Figure 54-17 - Single tuned IF amplifier. 
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Each of these circuits are tuned to the IF fre- 
quency. The Q of the coils will help control the 
bandwidth of the amplifier. 

Gain control is provided by the RC network 
composed of Cj), C)2, ©Cy3, Ryg Ray, and 
R)2. The negative voltage provided from this 
network will vary the bias voltage on the grids 
of tubes V; and V2. The function of the capac- 
itors in this circuit is to bypass the RF to 
ground. Decoupling is also provided in this 
circuit by the bypass capacitors located in the 
plate circuit of each tube. 

To determine the gain of an IF amplifier 
circuit, the gain per stage is calculated by a 
Norton's equivalent circuit as shown in Figure 
54-18A. 

In referring to the IF amplifier circuit of 
Figure 54-17, the Norton's equivalent circuit 
for a pentode wide band amplifier for any one 
stage results in the equivalent circuit illustrated 
in Figure 54-18A. Here gmeg, rp and output 
capacitance C,, represents the plate circuit of 
the pentode tube of one stage. The input imped- 
ance to the next stage is represented by Cj and 
Ri; where R; is the resistive loss between 
cathode andcontrol gridof next stage. Resistor 
Rg represents the coil dissipation and Cq rep- 
resents the sum of the wiring capacitance and 
the inter turn (sometimes referred to as dis- 
tributed) capacitance of the coil. Combining 
the parallel resistors r,, Ry, Rq and R; into 


Req i8 shown in Figure 54-18B. Also Ceq i8 





Figure 54-18 - Norton's equivalent circuit for 
a single stage. 
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illustrated which is the parallel equivalent of 
C,. Cg and C;. Referring to Figure 54-17, 
utilizing a 6AK5 type pentode, the gm is 5100 
micromhos and the resistor R, is 2K ohms. 
The cathode resistor is 180 ohms and the de- 
coupling resistors are adjusted to supply 120 
volts for plate andscreen grid. The character- 
istics of a 6AK5 tube, show the Q point to occur 
at a point where grid bias equals minus 2 volts 
and r, equals 500 K ohms. 

Utilizing a common IF frequency of 30 Mc 
the value of R; equals 55 K ohms and R, equals 
30 K ohms, approximately. In Figure 54-18B, 
the parallel combination of r_, Ry, Rq, and Rj 
equals Reg and 500 K, 2 K, 30 K and 55 K ohms 
in parallel equal the value of 1. 84 K ohms. The 
output and input capacitances of the 6AKS5 tube 
are 2.1 and 4 picofarads respectively. There- 
fore in Figure 54-18A, C,, will have a value of 
2.1 pf, Cj of 4 pfandthe distributed capacitance, 
Cq, is assumed tobe 5picofarads. The value of 
the total capacitance C,, in Figure 54-18B will 
equal 11.1 picofarads. becauas the inductance 
must form a resonant circuit with Ceq at 30Mc: 


using the resonant frequency formula 


1 
f 


-_—_— it 1216) 
oe" 2 7 LC 


and solving for L 


1 
- 4n ef, 2¢ 


L will be adjusted toa value equal to2. 56 micro- 
henrys. 

The total capacitance isimportant because it 
together with the value of the inductance will de- 
termine the frequency to which the amplifier will 
be tuned. The values of the total resistance, 
and total capacitance will also control the value 
of the amplifier bandwidth and amplifier gain. 
The gainis determined by the following equation: 


Gain = gm Req (54-1) 


Where: Gain = mid-band amplification 
gm = transconductance of the tube 


Req = total resistance 


Therefore: A 


al 


5100 x 10-6 x 1.84x 102 


4 


wb 


In the equivalent circuit shown in Figure 54-18, 
the total resistance is shunted by the resonant 
circuit composedof L and C. At resonance, the 
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phase fed back can cause the amplifier to break 


Al0O. The noise is in phase withthe local oscil- 
lator signal, and will be cancelled at the 
balanced transformer. 

All. The 1/4 wavelength point is a point of 


maximum voltage. 








impedance of the network will be maximum. The 
total impedance that the tube ''sees" will be less 
than the value of the total resistance. Since the 
ratio of the impedance of the LC network to the 
total resistance is so high, the impedance that 
the tube ''sees"' is assumed to be equal to the 
value of the shunting resistance. The gain thus 
computed is only for the first stage of ampli- 
fication, If it is desired todeterminetheampli- 
fication of the entire strip, the gain of each 
stage will have to be considered. 

The bandwidth of the amplifier is also con- 
trolled by the value of the resistance and ca- 
pacitance. The equation for the determination 
of the bandwidth of the first stage of ampli- 
fication is as follows. 


l 
»y- 2m Req Ceq. ee) 


This formula should not be taken as the overall 
bandwidth formula but applicable to only one 
stage. The number of stages will affect the 
overall bandwidth. 

The gain-bandwidth determination will give 
an indicationof themerit of anamplifier, Their 
product (gain x bandwidth) will render a figure 
of merit that may be used tocompare the merits 
of different IF amplifiers, 

When several stages such as those just dis- 
cussed are cascaded, the total mid-band ampli- 
fication is the product of all of the mid-band 
amplification of all the stages. Therefore, the 
number of stages of amplification affects the 
overall mid-band amplification of an amplifier 
strip. The greater the number of amplifiers in 
a strip, the greater will be the total gain. Re- 
ferringtothe circuits of Figure 54-17, assuming 
there are six stages in cascade the gain is 
therefore (9, 4)6 or 930,000. There is one dis- 
advantage to cascading many stages of amplifi- 
cation. When the numberof stages is increased, 
the total bandwidth decreases, This decrease 
in bandwidth may be compensated for by stagger 
tuning successive stages of amplification. 

The gainof anamplifier IF stripis very high. 
Gain value for radar IF strips in the region of 
a million are not uncommon. Because of this 
large gain, cautionmust be takentoprevent even 
the smallest amount of regenerative feedback. 
Evena very minute value of voltage of the proper 


into oscillations. Because of this, great care 
is taken to eliminate the possibility of feedback. 
Extensive decoupling inthe plate and filament 
circuits is employed. IF strips in radar sets 
are usually isolated and well shielded to prevent 
the interaction of any undesirable fields. 

One method of avoiding the gainand bandwidth 
complications encountered in the single tuned 
amplifier is to use a double tuned IF amplifier 
One stage of suchis shown in Figure 54-19. The 
reasonthis circuit is called a double tuned IF 
amplifier is because of the two resonant cir- 
cuits used, one in the plate circuitand the other 
in the grid circuit of the following stage. The 
advantage of using a double tuned IF amplifier 
as compared to the smgle tuned IF amplifier is 
that the double tuned amplifier has a greater 
bandwidth and an improved frequency response, 


“Q12. What is indicated by a given value of 
gain x bandwidth ? 


54-11. IF Input Stage 


The receiver system that is described in this 
chapter does not utilizeany stages of RF ampli- 
fication beforethe mixer stage. This means that 
the signal applied to the first IF amplifier will 
be very small. The possibility of a large amount 
of noise being generated under these conditions 
ig very great. Remember, the amplitication of 
an IF section may be as high as a million. This 
means that any noise generated in the first IF 
stage will also be amplified by that amount. To 
increase the signal-to-noise ratio, some stages 
of special amplification are used preceeding the 
normal IF input, These stages of additional 
amplification are called the IF INPUT STAGES 
or PREAMPLIFIER STAGES, One _ feature 
of these circuits compared to the normal 
IF section is that they are connected in cascode 
instead of cascade. The purpose of this 





Figure 54-19 - Double tuned IF amplifier 
stage. 
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circuit arrangement is to providea good signal- 
to-noise ratio. The cascode input stage is shown 
in Figure 54-20. Thiscircuit provides approxi- 
mately the same bandwidthand gainof a pentode 
with a noise figure equal to that of the first 
triode, V,;. Normally, the noise figure is es- 
tablished by the first amplifier stage. If its 
signal-to-noise ratio is low, the ratio of the 
entire receiver will be low. 

V2 is a grounded grid amplifier. The in- 
ductor L) inthe input circuit istuned to resonate 
at the mid-band frequency. Inductors Laand L4 
are likewise adjusted. Inductor L3, Co and the 
grid to plate capacitance of V) form a resonant 
circuit which is also tuned to resonate at the 
mid-band frequency. 

The voltage amplification of tube, V], is 
nearly equal to unity, but the amplification 
provided by V2 is sufficiently high to provide 
a gain at the mid-band frequency nearly equal 
to that of a pentode. 

For additional information concerning cas- 
code amplifiers (grounded grid amplifiers), con- 
sult Chapters 38, 39 and 40. 

Although the tuned circuits control the gain 
of the mid-frequency, they also account for 
some of the distortion present in a wide-band 
amplifier. The video pulse of voltage applied 
to the input of an IF strip is similar to that 
shown in Figure 54-21A, Since the rise time 
of the input pulse is short, and the inductive 
and capacitive components which form the re- 
sonant circuits cannot respond to the sudden 
changes of voltage; the output waveforms lead- 





Figure 54-20 - IF input stage. 
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ing and trailing edges are distorted. This is 
called TRANSIENT DISTORTION. This dis- 
tortion is shown in Figure 54-21B. This effect 
may be reduced by increasing the bandwidth of 
the resonant circuits which, in turn,increases 
the bandpass of the amplifier. One of the most 
common methods used to increase the band- 
width of the resonant circuits is by shunting 
their coils with a resistance. These resistors 
are called SWAMPING RESISTORS, and the 
process is known as SWAMPING. Since the 
methods used for compensating for distortion 
in wide band amplifiers is similar to the methods 
used to compensate in video amplifiers the 
methods of frequency compensation will be 
discussed when video amplifiers are con- 
sidered in detail. 

Tuning of the IF amplifier isa process seldom 
required. Since the tuning is accomplished at the 
time of manufacture, little adjustment is nec- 
essary. This, of course, excludes the necessity 
for adjustment when the components age and 
cause the response of the amplifier to change. 
Adjustment is sometimes necessary when the 
equipment is moved over a considerable distance, 
or when the equipment has stood idle over a 
considerable length of time. When adjustment 
is required, it may beaccomplished through the 
use of instructions provided in the instruction 
manual for that particular type of equipment. 
These adjustments are critical, and should be 
made several times to insure accuracy. FPar- 
ticular care should be taken when the amplifier 
stages are stagger tuned. 


Ql13. What is the purpose of cascoding the IF 
input stage ? 


Ql4. What controls the signal-to-noise ratio 
of a radar receiver? 


54-12. Detection 

After the modulated video signal has been 
amplified by the IF strip, it is then applied to 
the detector. This stage is also called the 
second detectoror the demodulator. It is called 
a demodulator because it separates the mod- 
ulation from the RF carrier. Oneofthe simplest 


iy 


Figure 54-21 - Transient distortion. 
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Al2. It isa figure of merit that will indicate 
the comparative worth of the circuit. 


Al3. To improve the signal-to-noise ratio. 


Al4, Ordinarily, the signal-to-noise ratio of 
the first stage. 








methods of accomplishing demodulation is by use 
of the diode detector shown in Figure 54-22, 
Although more complex circuits are employed 
to affect detection, the simple circuit shown in 
Figure 54-22 will suffice for explanation. The 
input of the diode detector is tuned to respond 
to the mid-band frequency of the RF carrier. 
This circuit is nothing more than a rectifier. 
It will remove one half of the modulated signal, 
It will also, through the use of appropriate 
filters, remove the RF from theenvelope. The 
output of the detector is then sent to the video 
amplifier. 


VIDEO AMPLIFIER 


54-13, Frequency Response and Distortion 
In both the wide-band amplifierand the VIDEO 


AMPLIFIER, there is a need to insure equal 
amplification over a wide range of frequencies. 
Video pulses are square waves abundant in odd 
harmonics. If all of these harmonics are not 
amplified equally, pulse distortion will result. 
The output waveform from an amplifier which 
does not equally amplify all of the harmonic con- 
tent of the square wave pulse is shownin Figure 
54-23. Figure 54-23A shows the type of output 
obtained from an amplifier with poor low fre- 
quency response, Figure 54-23B shows the 
output obtained from a circuit with poor high 
frequency response, It is conceivable that one 
amplifier circuit could give both poor high and 
low frequency response. This type of amplifier 
is shown in Figure 54-24, It is an RC coupled 
amplifier. To examine the limitations in fre- 
quency response of the pentode RC coupled 
amplifier in Figure 54-24, it is necessary to 





Figure 54-22 - Diode detector. 





Figure 54-23 - High and low frequency 
distortion. 


construct the equivalent circuit forthe amplifier 
stage. Figure 54-25 is the basic equivalent 
circuit, the low frequency equivalent circuit, 
and the high frequency equivalent circuit. The 
medium frequency equivalent circuit will not be 
shown, If it is desired to review the equivalent 
circuits for RC coupled pentode amplifiers, refer 
to Chapter 20. 

Since the pentodeis a vacuum tube which has 
a high value of plate resistance, the Norton's 
equivalent circuit must be used. Figure 54-25A 
shows the basic equivalent circuit, It shows all 
of the values of capacitance and resistance 
present inthe circuit. In section 20-21 it was 
shown that Figure 54-25B isthe low frequency 
equivalent circuit with the output taken across 
Rg. To the low frequencies, the output capac- 
itance, Co, the wiring capacitance, Cq, and the 
input capacitance, C;,, are negligible values, 
and are omitted from the low frequency equiva- 
lent circuit. The components which affect the 
low frequency response are the value of the 
coupling capacitor, C,, and the value of the grid 
resistance, R,. The equivalent resistance, 
Req, is the parallel resistance of the low value 
of plate load resistance, R;, and the high value 
of plate reBistance, r,. This valué, R,,. is 
very small compared to the value of the grid 
resistance, R,. The cathode resistance, R,, 
is not shown because of its small value. There- 
fore, the low frequency response of the pentode 
RC coupled amplifier shown in Figure 54-24B 
is controlled by the value of the coupling capac- 
itor and the value of the grid resistor. 

At the high frequencies, the output capaci- 
tance, C,, the wiring capacitance, Cg. and the 
input capacitance, C,,, hecome significant 
shunting values. They are lumped as the total 
capacitance, Ct, in Figure 54-25C. The coupling 


capacitor, C., appears as a short to this high 
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Figure 54-24 - Typical RC coupled pentode 
amplifier. 


frequency. The resistance, R, is the 
bination of the shunt resistance of r_, Ry, and 
Rg: Since Ry, is by far the apeiiest value 
(conventional in a pentode amplifier) the total 
shunting resistance, R;-, will also be a small 
value. Therefore, the high frequency response 
of the RC coupled pentode amplifieris controlled 
by the values of the shunting capacitance, Cz, 
and the value of the plate load resistance, RL. 
Figure 54-26 shows the response curve for the 
pentode amplifier in Figure 54-24. Note how 
the response ‘falls off’ at the high and low 
frequencies. Therefore, the circuit will distort 
the square wave output from an amplifier of 
this type. One of the ways of extending the re- 


com- 


(A) BASIC EQUIVALENT 


wy Reg='P. RL 


gmeéeg 


Rg 


(B) LOW FREQUENCY EQUIVALENT 


Req= Tp, Re, Rg 


(C) HIGH FREQUENCY EQUIVALENT 





Figure 54-25 - Equivalent circuits. 


sponse of the amplifier is to, in some way, 
increase the value of the gain bandwidth product 
for the circuit. 


Q15. What controls the low frequency response 
of a conventional RC coupled pentode amplifier 
used as a video amplifier? 


Ql6. With reference to C.., what advantage do 
pentodes have over triodes at high frequencies? 


54-14. Compen sation 


The frequency response of the ordinary am- 
plifier shownin Figure 54-24 can be extended by 
use of the appropriate compensating networks. 
The high frequency response of the amplifier may 
be extended by the use of either SHUNT COM- 
PENSATION, SERIES COMPENSATION, or a 
combination of both types called COMBINATION 
COMPENSATION. 

There are various methods of extending the 
range of a video amplifier at the high frequency 
end of the range, but perhaps the simplest and 
mosteffective is the shunt-peakedmethod, shown 
in Figure 54-27A. As mentioned in a previous 
section, the gain at high frequencies is reduced 
because the load is shunted by C,, Cg, and C;,. 
These same values can be made to extend the 
range if a small inductor, L), is inserted in 
series with the load resistor, R,, to form a 
parallel resonant circuit. If the value of L) is 
properly chosen so that the circuit will be in 
resonance at the point where the response curve 
begins to fall appreciably, the range can be 
extended. The value of Ly is critical. [f the 
value is not correct, the amplification may be 
increased beforethe point at whichthe response 
curve begins to fall, which results in frequency 
distortion. 

Series compénsation may also be used to 
extend the range of the high-frequency end, as 
indicated in Figure 54-27B. In this application, 


LOW FREQUENCY 


az FALL OFF 


HIGH FREQUENCY 
FALL OFF 
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Figure 54-26 - Response curve. 
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Al5. Primarily the value of the coupling capac- 
itor and grid resistor. 


Al6. Because of reduced Miller effect, the Cn 
of the pentode would be smaller and high 


frequency response would be improved. 
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an inductor, Lo, of the proper value is added in 
series with the coupling capacitor, C., so that 
the series resonant circuitis formed with the 
parallel combination of Cg and C;,. At reson- 
ance, increased current will flow through these 
capacitances and larger output voltages will be 
applied between the grid and cathode of Vo. 

The high-frequency peaking effect of shunt 
compensation, in addition to the increased gain 
of series compensation may be obtained if both 
of these methods are used in the same coupling 
circuit. There are other factors, however, 
such as the transient response, which have to be 
considered in a network such as this. 

At low frequencies, the distributed, or wiring 
capacitance may be neglected, but the reactance 
of the coupling capacitor becomes increasingly 
important. Since the reactanceof this capacitor 
re: 


xX 1 


bs a (10-24) 
Eric 


it becomes appreciable at low frequencies. 


Consider a voltage divider made up of C,. and 
Re as shown in Figure 54-28 in which the re- 
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Figure 54-27 - High-frequency compensation. 


actance of C,. is large, as it would be at low 
frequencies. More of the voltage would appear 
across C,. and less would appear across Rg. 
Since in some practical applications the voltage 
gain must be maintained within 70% of the mid- 
frequency gain, this loss at low frequencies 
can not be tolerated. 

The capacitance of Ce could be increased, 
but such a procedure would increase the stray 
capacitance and thus cut down the high-frequency 
gain. 

Another factor that is perhaps more import- 
ant than the loss of gain is the large phase shift 
which occurs at these frequencies. If 10 stages 
of video amplification are used, a phase shift 
(tead) of about 2° is all that can be permitted 
per stage. 

The phase shift can be reduced by employing 
a large value of coupling capacitance and the 
largest possible grid leak resistance; but both 
of these expedients have their disadvantages 
also. 

Amplifiers that do not have as critical re- 
quirements as video amplifiers may be made to 
operate satisfactorily by using large cathode 
and screen bypass capacitors and acoupling ca- 
pacitor as large as possible. Video amplifiers, 
however, require special compensation at the 
low frequencies. 

Both the loss in gain and the increase in 
phase shift may be corrected by dividing the 
load resistance into two parts and bypassing 
one part with a capacitor. A circuit employing 
this method of low frequency compensation is 
shown in Figure 54-28. 

The load resistance is made up of two parts, 
R;, and R,, of which Ry, is bypassed by C. At 
the higher frequencies, the load is effectively 
Ry; because R.is bypassed by C which hasa low 
reactance at these frequencies. At low fre- 
quencies, however, C offers a high impedance 
and the load is effectively Ry plus R,. This 
effective load increase causes a greater pro- 
portion of the plate signal to appear as output 
and thus counteracts the normal drop at the low 


c 


Figure 54-28 - Low-frequency compensation. 
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frequencies. Care must be taken in selecting 
the values of Rc and C so that uniform gain can 
be extended into the lower frequencies beyond 
the point where the gain begins to fall off. Dis- 
tortion will occur if the increase in gain takes 
place before the curve begins to fall off. 
Another components influencing low-frequency 
gain is the cathode bypass capacitor. In order 
to prevent degeneration from occurring at the 
lower frequencies, becuase ofinadequate shunt- 
ing, the capacitance of the cathode bypass ca- 
pacitor must be great enough to offer low 
impedance (with respect tothe cathode resistor) 
at the lowest frequency to be amplified. Thus 
in video amplifiers, the capacitance of cathode 
bypass capacitors are many times greater than 
those used for audio amplifiers. 


Q\7. Why is the inductor in series with Ry 
referred to as the shunt peaking coil? 


54-15. Output Circuits 

After the video pulse hasbeen amplified by a 
compensated video amplifier, it is almost ready 
to be sent to the presentation system where it 
will appearas target information on the indicator 
associated with each receiver. Oftentimes, the 
presentation system is located atquitea distance 
from the output of a video amplifier. It is for 
this reason output circuits are used. If the 
presentation system is located several feet 
from the output of the video amplifier, it must 
be connected with coaxial cable. To do this with 
a maximum transfer of power, an amplifier 
circuit called a CATHODE FOLLOWER is used. 
The circuit is shownin Figure 54-29. A detailed 
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analysis of this circuit can be found in Chapter 
44. Briefly, the distinguishing feature of a 
cathode follower is the output is taken from the 
cathode circuit. The output voltage will be less 
than input voltage. The cathode follower can 
be used for isolation, impedance matching and 
power amplification. 

The output impedance of the video amplifier 
will be high in comparison to the impedance of 
coaxial cable. The cathode follower can be de- 
signed to match these impedances and maintain 
the frequency response established in the pre- 
ceding circuits. 

Q18. 


Why are cathode followers not used as 


voltage amplifiers? 





Figure 54-29 - Cathode follower. 
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The shunt peaking coil is in parallel with 
the shunt capacitanceand formsa parallel 
resonant circuit with this capacitance. 


Because the ac voltage at the cathode will 
be less than the ac voltage on the grid. 


EXERCISE 54 


Describe the basic block diagram of the 
radar receiver? 


Draw the output waveform of the IF strip 20, 
of a radar receiver. Buc 
Why must a non-linear device be used for 2z. 
mixing action ? 

Describe heterodyning. 2a". 
What is a local oscillator? What type of 

output does it provide? 24, 
What is detection, as applied to a radar 


receiver? 


Describe the requirements for a radar 25. 
receiver local oscillator, 

Compare velocity modulation to density 26. 
modulation. ask 2 
Describe the operation of the basic velocity 
modulated tube. 23. 
What is the purpose of cavity resonators? 

What is the function of buncher grids ? tae 
How does the basic klystrondiffer from the 

basic velocity modulated tube? 30. 
What is the reason for the half wavelength 

space between the catcher grids? a1. 
How does the reflex klystron differ from 

the basic klystron? 3d. 
When does bunching occur in the reflex 
klystron ? 

What is the function of the repeller plate? 33. 
What controls the frequency of the reflex 
klystron ? 34. 
Where would AFC be applied to the reflex 
klystron ? 35. 


What is meant by the term ''mode of opera- 


Chapter 54 - RADAR RECEIVERS 


tion?" How are the different modes of 
operation of the reflex klystron determined ? 
What type of device is usedina radar mixer ? 
Describe the operationof the silicon diode. 
How does the balancedcrystal mixer differ 
from the single ended crystal mixer? 

How does the balanced crystal mixer op- 
erate? 

What is the difference between the use of a 
waveguide and a coaxial line when they are 
used for balanced crystal mixers? 

Why is noise canceled inthe balanced crystal 
mixer? : 

What is the purpose of the IF strip? 

Why is a cascode amplifier used as the IF 
input stage? 

What is the gain-bandwidth product? Of 
what use is it? 

What istransient distortion? How can it be 
prevented? 

What are swamping resistors? What are 
they used for? 

What is the purpose of detection in a radar 
receiver? 

Why is a conventional pentode RC coupled 
amplifier unsuited for use as a good video 
amplifier ? 

What is meant by high frequency and low 
frequency compensation ? 

Describe the methods of frequency com- 
pensation and why they work. 


When is a cathode follower used in the out- 
put of a radar receiver? 


CHAPTER 55 


RADAR INDICATORS 


The purpose of the radar indicator is to display 
the received signals from the radar receiver by 
producing a visual indication of returning echo 
information. The cathode ray tube is an ideal 
instrument for the presentation of radar data 
Since it not only shows a variation of a single 
quantity such as voltage, but gives an indication 
of the relative values of twoor more synchronized 
variations, The usual indicator is basically the 
same in function as the low-frequency test os- 
cilloscope. The focusing, intensity and position- 
ing controls are similar. The sweep frequency 
of the radar indicatoris determined by the pulse 
repetition frequency of the system. The sweep 
time on the indicator's cathode ray tube is estab- 
lished by the settings of the range selector 
Switch, 

55-1. Basic Functional Block Diagram 

Synchronization of events is the most im- 
portant aspect of the radar receiver-transmitter. 
It 1s particularly important in the radar pres- 
entation system. At the instant of time that the 
transmitter fires, the circuits whichcontrol the 
presentation on the indicator must start. This 
instant or time zero is usually noted on the 
indicator by a bright spot at the start of the 
sweep ora positive pulse depending on type of 
indicator, 

To insure accurate range determination, 
these events must be performed with the highest 
degree of accuracy. 

The basic block diagram for a presentation 
system is shown in Figure 55-1. It is com- 
posed ofa sweep circuit, a GATE CIRCUIT, and 
a cathode-ray tube (CRT). The inputs to the 
circuit are as shown in the diagram. From the 
radar timer, a synchronization pulse is sent 
to both the sweep circuit and to the gating cir- 
cuit. It will cause a sawtooth of voltage to be 
developed by the sweep generator, and a square 
wave pulse output from the gating circuit. Both 
of these waveforms are then applied tothe CRT. 
It should be noted at this time that the duration 
of the sweepacross the scope will be determined 
by the duration of the gating pulse. Video in- 
formation from the receiverwill be sent directly 
to the CRT where it will be presented on the 
scope. 


Ql. What type of waveshape is applied to the 
CRT from the receiver ? 
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VIDEO INFORMATION 





Figure 55-1] - Basic block diagram of 
presentation system. 


55-2. Basic Principles of Operation 

The function of the sweep circuit is to pro- 
duce a sweep voltage which will subsequently 
be applied to the CRT. This sweep circuit will 
operate in much the same way as those des- 
cribed in Chapter 43. 

In order to prevent the appearance of the 
retrace pattern on the screen of the scope, a 
gating pulse, supplied by the gate circuit, is 
applied to the CRT. This gating pulse permits 
electrons to flow in the cathode-ray tube only 
during the time of the forward sweep of the 
sawtooth wave. No electrons are permitted to 
strike the screen during the flyback, or return- 
tracetime, because this pulse, in a sense, opens 
and closes a gate through which electrons must 
pass, it is sometimes called an INTENSITY 
GATE voltage. The type of circuit used for the 
gate circuit may be a multivibrator. 





Q2. What is the purpose of the gating pulse? 


55-3. Electromagnetic Deflection 


In most modern presentation systems, the 
electromagnetic deflection of the cathode-ray 
tube electron beam is preferred in lieu of 
electrostatic deflection. The reasons for this 
choice are: increased control of the electron 
beam, improved deflection sensitivity, better 
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Al. A video pulse, 


Az. To make sure that the tube sweeps only 
when the gating pulse is coincident with 
the sweep signal. This prevents a visible 
retrace on the CRT tube screen. 


electron beam positioning accuracy, and simpler 
construction. The primary difference between 
the electromagnetic and the electrostatic types 
is the method used for deflection and focusing 
of the electron beam. Both types employ an 
electron gun, and use an electric field to accel- 
erate and control the flow of the electron beam. 
Physically, the cathode-ray tube employing 
electromagnetic deflection is constructed much 
like the electrostatic type. This is shown in 
Figure 55-2. 


AQUADAG COATING 
ON INSIDE OF 
ENVELOPE 


DEFLECTION 
COILS 


Figure 55-2 - Basic electromagnetic CRT. 


The type of electron gun used in the electro- 
magnetic CRT is the triode gun. Itis composed 
of the normal heating element, a cathode and a 
control grid. Beyond the control grid is the 
accelerating anode which contains several 
baffles. It is a hollow cylinder which is coaxi- 
ally symmetrical with the control gridcylinder. 
The accelerating anode is connected to the 
conducting coating of the tube. This coating 
acts as an extension of the accelerating anode 
and as a shield. Beyond theaccelerating anode, 
therearetwo elements called FOCUSING COILS. 
With the magnetic fields produced by these 
coils, the focusing of the electron beam will be 
affected. 

If the tube is operated, a small glowing spot 
will be seen on the face of the tube. If focusing 
and deflection adjustments are properly made, 
the spot will be a small speck in the center of 
the screen. It will not move until either the 
focusing or deflection fields are changed. One 
other important component part of CRT's em- 
ploying electromagnetic deflection should be 
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mentioned here. When the tube is operating, 
electrons are released from the cathode ata 
high velocity. These high velocity electrons 
when striking tube elements such as the control 
grid, or when striking the atoms of the gas in- 
cluded within the tube, can cause negative ions 
to be produced. Since the mass of the negative 
ion is considerably more than that of the elec- 
tron, the deflection and focusing fields will have 
little or nocontrolovertheirmoverment. There- 
fore, the negative ions will move toward the 
screen and strike it causing a glowing spot. 
Since the fields have little control over its posi- 
tion, the spoton the faceof the scope will remain 
fixed in one position. Although a small spot is 
produced, over a long period of time, a hole 
will be burned in the phosphorous coating. To 
reduce these effects devices called ION TRAPS 
are used. In the electromagnetic type of tube 
the electron stream, including the negativeions, 
is purposely directed toward the side of the tube. 
An ion trap magnet is placed around the neck of 
the tube to deflect the electrons backto the axis 
of the tube. The path of the heavier negative 
ions will be relatively undisturbed by the field 
from the ion trap magnet, and they will move 
toward, and be collected by, the highly positive 
anode. The ion trap magnet is normally located 
between the control grid and the accelerating 
anode. Its position is critical, and any adjust- 
ment performed on it must be done carefully. 

Focusing of the electron beam on the face 
of the screen is accomplished by use of the 
focusing coils. The focusing coil acts in much 
the same way as alens. Actually, the focusing 
is caused by the use of two lenses. The first of 
these lenses is produced by the electrostatic 
field between the control grid and the electrode 
following it. Thisaction is similar tothe focus- 
ing of the electrostatic type of deflection. A 
cross over pointor pointof divergence is caused 
to exist in the region near the focusing coils. 
The fields about the focusing coils is uniform. 
Since the field is uniform, there is a force ex- 
erted onthe electrons by the magnetic field which 
causes them to move at right angles to their 
direction of motion. Since the electron remains 
within the field and feels a constant force at 
every point, the path of the electron tends to be 
circular. If the strength of the magnetic field 
is made stronger, the circle becomes smaller. 
If the field is weaker, the circle diameter in- 
creases. Since the electron possesses forward 
motion, the pattern described by the electron 
in moving through the uniform field will be 
helical as shown in Figure 55-4. The helical 
pattern will be projected byall electrons enter- 
ing the field at some angle with respect to the 
direction of the magnetic field. If an electron 
enters the field andmoves parallel to the line of 
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Figure 55-3 - Yoke schematic 


force it will not be deflected by the field. It can 
be seenthen that by choosing the proper strength 
of the magnetic fieldabout the focusing coil, the 
electrons entering the field at an angleand those 
entering parallel to the field can be caused to 
arrive at the faceof the screen in avery narrow 
beam. For proper operation of the tube, the 
magnetic field acts on the diverging electron 
near it in such a manner that they describe a 
single turn helical path with the result that the 
new cross-over point for electrons leaving the 
vicinity of the focus coils is at the face of the 
scope. To control the magnetic field which in 
turn controls the cross-over point of the elec- 
trons, the current through the focus coils must 
also be controlled. This is usually done by the 
use of a rheostat called the FOCUS CONTROL. 
With this control the small spot can be produced 
on the screen. The beam may now be deflected. 

To discuss electromagnetic deflection, the 
beam after passing through the focus coils will 
be assumed to be very narrow. Any action of 
the magnetic field upon the electron beam will 
be described assuming thatthe beam is a single 
electron. 

The magnetic fields which deflect the beam 
are produced by causing currents to flow through 
DEFLECTION COILS mounted around the out- 
side surface of the tube. Normally, there are 
four deflection coils used. Two of these, wired 
in series, are positioned in a manner to cause 
the magnetic lines of force produced by them to 
be ina vertical direction. The two other coils, 
also connected in series, are positioned so that 
the magnetic fields produced by them are ina 
horizontal direction. This means that the coils 
combined will produce two fields which are 
effectively 90° out of phase or perpendicular to 
each other. The coils which produce the field 
which is horizontal are called the VERTICAL 
DEFLECTION COILS. The other two are nat- 
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urally called the HORIZONTAL DEFLECTION 
COILS because they will produce fields which 
will cause the electron to move across the 
face of the screen. 

The coils are mounted about the outside sur- 
face of the tube in one complete assembly 
called a YOKE. It is located beyond the focus 
coil, and immediately before the flanged section 
of the tube enclosure. Schematically, the coils 
may be pictured as shown in Figure 55-4. 





Figure 55-4 - Helical motion of electron in 
passing throughuniform mag- 
netic field. 

Electron deflection in the electromagnetic 
CRT is accomplished in the same manner as it 
was in the electrostatic type with the exception 
that the deflectionin the magnetic typeis caused 
by the density of thefield. If the current through 
the horizontal deflection coils is increased, the 
field produced by bothof the horizontal coils will 
increase resulting in a greater horizontal de- 
flection. The same increase in thecurrent flow 
through the vertical deflection coils will produce 
the same amount of vertical deflection. 

Obviously, the type of current that would 
cause a sweep to exist across the face of the 
scope could not be a constant dc current, it must 
be one that increases linearly, because the 
electron must be moved across the screenata 
constant velocity to producethe visible base line 
that is known as the sweep. One type of current 
waveform that would accomplish this function is 
some type of sawtooth waveform. A sawtooth is 
a constantly increasing linear current or volt- 
age. Ifa sawtooth is then applied to the hori- 
zontal deflection coils, the electron would be 
deflected. However, the resulting deflection 
would not causea linear lineto be tracedacross 
the face of the scope. The type of waveform that 
would accomplish this effectis knownas a trap- 
ezoidal waveform. The trapezoidal waveform 
and its generation will be considered in a sub- 
sequent chapter. It is sufficient to know at this 
time that the type of wave applied to the hori- 
zontal deflection coils resembles a sawtooth 
current waveform. It is also important at this 
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time to know that it is the change in magnetic 
field density which is responsible for the de- 
flection of the electron, or the electron beam. 


Q3. What property of electrons allow them to 
be deflected by a magnetic field at right angles 
to their motion? 


55-4. Azimuth Sweep Deflection 


In many search type radar systems, twoor 
more types of scan are used. One of the more 
popular combinations is the "'A'' scan and the 
“PPI" scan. The "PPI" is used to locate the 
approximate position of the target while the 
antenna is scanning through 360°. One of the 
other more popular displays is a ''B'' scope. 
With the ''B' scope, a target's position to the 
right or to the left of a predetermined bearing 
can be determined. Its actual range can then be 
found directly on the ''B'' scope. Which ever of 
these combinations are used a problem relative 
to both must be resolved. The problem is to 


synchronize the rotationofthe ''PPI"' scan or the 
''B'' scan with the rotation of the antenna. This 
can be accomplished through the use of devices 
called SERVO MECHANISMS. These devices 
will let the scope scan to know exactly where 
the antenna is scanning, or will control the 
scan of the scope. This process can be per- 
formed eitherelectricallyor mechanically. The 
yoke of the electromagnetic CRT can be mechan- 
ically connected to the antenna so that it will 
rotate about the neck of the tube at exactly the 
same speed as the antenna. This system has 
mechanical disadvantages. The electrical 
method used to synchronize this rotation is 
affected by applying signal of the proper phase 
displacement to the horizontal and vertical de- 
flection coils. The synchronization of these 
types of scan will be explained thoroughly when 
information concerning the operation of servo 
mechanisms is understood. 


Q4. Whatsort of information can be taken from 
the "PPFi" «cope? From the ''B" scope” 
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EXERCISE 55 


Why is synchronization important ina radar 
presentation system ? 

What is a "main bang"? 

What is the function of a gate circuit? 
Describe the visual symptoms of an in- 
Operative gate circuit. 

Describe the function and operation of the 
focus coils in an electromagnetic CRT. 
Why does an electron describe a helical 
path when passing through a uniform mag- 





netic field? 

Describe how deflection isaccomplished in 
the electromagnetic CRT, 

What type of current is necessary to cause 
horizontal trace on the CRT? To what is 
this current applied? What would happen if 
this current would cease? 

What is a ''PPI'' ? 

Describe how synchronization of antenna 
movement with ''PPI" scan is affected? 
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A3. The property of deflection possessed by 
this system is due to the interaction of 
two fields--the field about the deflection 
coils and the field about each individual 
electron, 


A4. The" PPI" scope will give range and azi- 
muth information for 360°, The ''B" scope 
will give range and direction within 90° of 
dead ahead. 
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A Boundry conditions, 52-5 
Box, echo, 53-7 
Acorn tube, 49-9 Buffer amplifier, 49-1, 49-4 
Aging, 49-3 Buncher grids, 54-3 


Airborne radar, 50-}} 


Amplifier: C 
audio, 49-13, 49-14 
buffer, 49-1, 49-4 Capacitance: 
class C, 49-4 interelectrode, 49-6 
grounded grid, 49-9 Stray, 49-5 
IF, 49-12, 54-10 Capacitor: 
Power, 49-5 grid-leak, 49-3 
RE, 29-5 split-stator, 49-5 
Angle of elevation, 53-13 Carrier frequency, 50-28 
Anodes: Catcher grids, 54-3 
hole and slot, 53-4 Cathode follower, 54-15 
rising sun, 53-4 Cathode ray tube, 55-1, 55-3 
vane, 53-4 Cavity resonators, 52-10, 54-4 
Antenna: Characteristics of UHF systems, 49-1 
relay, 49-15 Charging open end lines, 51-4 
power gain, 53-13 Circuit, gate, 55-1 
safety precautions, 53-14 Circuit noise, 49-9 
Antennas: Circuits, antenna, 53-9 
radar, 50-19, 50-24, 53-13 Coefficient, temperature, 49-3 
UHF, 49-6 Coils: 
Anti-transmit receive (ATR): deflection, 55-3 
cigcudts; 53-9 focusing. 55-3 
switch transformer, 53-1] horizontal deflection, 55-3 
tubes, 53-10 vertical deflection, 55-3 
Apex, 49-3 Continuous wave method, 50-4 
Approximate, 49-2 Control, focus, 55-3 
Artificial transmission line, 51-3 Coupling, loop, 49-5 
A,-scan, 50-14 Crystal: 
Auxiliary equipment, 50-12 controlled oscillator, 49-3 
Axis: holder, 49-3 
electrical, 49-3 mixers, 54-6, 54-9 
mechanical, 49-3 Oscillator, 49-2, 49-3 
xX, 49-3 quartz, 49-3 
Y, 49-3 rochelle salt, 49-3 
Z, 49-3 Silicon, 54-6, 54-7 
Azimuth sweep deflection, 55-4 tourmaline, 49-3 


types of cuts, 49-3 
Currents, eddy, 49-1 
B Cut-off frequency, 52-6 
Cycle, duty, 50431 
Balanced crystal mixer, 54-9 


Bandwidth, electrical, 54-5 D 

Basic, klystron, 54-3 

Bearing determination, 50-19 Damping diode, 51-9 
Bootstrap driver, 51-10 DC resonance charging. 51-5 


es 
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D (continued) 
Deflection: 

coils, 55-3 

modulation, 50-16 
Density modulated tube, 54-2 
Detection, 54-12 
Dector, 49-13 
Determination, bearing, 50-19 
Dielectric losses, 52-3 
Discharging open end lines, 51-6 
Dominant mode, 52-6 
Doppler effect, 50-4 
Double conversion, 49-11 
Doubler, frequency, 49-3 
Drift frequency, 49-3 
Driver: 6142 

bootstrap, 51-10 

hard tube modulator, 51-2 
Duplexers, 53-9 
Duty cycle, 50-31 


E 


Echo box, 53-7 

Eddy currents, 49-} 
Effect: 

doppler, 50-4 

flicker, 49-9 

flywheel, 49-4 
piezoelectric, 49-3, 54-7 
shot, 49-9 


skin, 49-7 
El@etric: 
field, 52-5 


fields, transverse, 52-7 
Electrical axis, 49-3 
Electro magnetic deflection, 55-3 
Electron-tube oscillator , 49-3 
Elevation, angle of, 53-13 
Equipment, auxiliary, 50-12 
E-scan, 50-17 


F 


Feedhorn, 53-13 
Fields: 
electric, 52-5 
magnetic, 52-5 
transverse: 
electric, 52-7 
magnetic, 52-7 
Fire control radar, 50-10 
Fixed-frequency oscillator, 49-3 
Flicker effect, 49-9 
Flywheel effect, 49-4 
Focus control, 55-3 
Focusing coils, 55-3 
Follower, cathode, 54-15 
Free space velocity, 52-6 
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Frequency: 

carrier, 50-28 

doubler, 49-4 

drift, 49-3 

quadrupler, 49-4 

resonant, 49-3 

tripler, 49-4, 49-5 

ultra high (UHF), 49-1 
oscillator, variable, 49-3 
Frequency compensation: 
combination, 54-14 
series, 54-14 

shunt, 54-14 
Frequencies, spurious, 49-3 


G 


Gap, air, 49-3 
Gas noise, 49-9 
Gate circuit, 55-1 
Grid-leak capacitor, 49-3 
Grid-leak resistor, 49-3 
Grids: 

buncher, 54-3 

catcher, 54-3 
Ground wave, 49-1 
Grounded grid amplifier, 49-9 
Group wave length, 52-6 


H 


Hard tube switch, 51-2 
Heat, 49-3 

Hexagonal prism, 49-3 
Holder, crystal, 49-3 
Hole and slot anodes, 53-4 
Horizontal deflection, 55-3 


J 


Identification friend or foe system (IFF), 
50-12 

IF amplifiers, 54-10 

Incident wave, 51-4 

Indicator, plan position, 50-16, 50-20 

Induced grid noise, 49-9 

Inductance, stray, 49-5 

Intensity modulation, 50-16 

Interaction, space, 53-1 

Interrogator, 50-12 

Ion traps, 55-3 

Irises, 52-8 


K 
Keep alive element, 53-10 


Klystron: 
basic, 54-3 
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Klystron (continued): 
buncher grids, 54-3 
catcher grids, 54-3 
cavity resonators, 54-3 
electrical bandwidth, 54-5 
mode of operation, 54-5 
reflex, 54-4 
repeller plate, 54-4 
shepherd-pierce, 54-5 


L 


Lighthouse tube, 49-9 
Limitations imposed by: 
noise, 49-9 
RF losses, 49-7 
transit time, 49-8 
tube structure, 49-6 
Line; 
artificial transmission, 51-3 
of sight transmission, 49-1 
open end charging, 51-4 
open end discharging, 51-6 
transmission, 49-5 
tuned, 49-5 
pulse modulator, 51-2 
Local oscillator, 49-2 
Loop coupling, 49-5 
Losses, dielectric, 52-3 


M 


Magnetic field, 49-15, 52-5 
Magnetron, 50-23 
Magnetron anodes: 
hole and slot, 53-4 
rising sun, 53-4 
vane, 53-4 
Magnetrons: 
arcing in, 53-7 
basic operation of, 53-2 
characteristics of, 53-1] 
construction of, 53-1 
critical value of fields in, 53-2 
electron resonance, 53-4 
negative resistance, 53-2, 53-3 
replacement of, 53-8 
seasoning of, 53-8 
stabilization of, 53-6 
strength of, 53-2 
troubleshooting, 53-8 
tuning of, 53-6 
Magic T wave guide sections, 54-9 
Master timer, 5l-l 
Mechanical: 
axis, 49-3 
resonance 49-3 
shocks, 49-3 
Mixers, 49-11 


YZ 1 
Mixers, crystal, 54-6 
Mode, dominant, 52-6. 
Mode, pi, 53-5 
Modulation, pulse, 50-6 
Moisture, 49-3 
Multiplier tube, 49-5 


N 


Negative resistance, 49-3, 53-2, 53-3 
Network, pulse forming, 51-2 
Noise: (tube) 

circuit, 49-9 

gas, 49-9 

induced grid, 49-9 

partition, 49-9 

resistance, 49-9 

secondary emission, 49-9 

thermal, 49-9 


Oscillator: 
crystal, 49-2 
crystal-controlled, 49-3 
electron-tube, 49-3 
fixed-frequency, 49-3 
local, 49-2 
tuned plate tuned grid, 49-2 
UHF transceiver, 49-10 
variable-frequency, 49-3 


P 


Parabolic reflector, 53-13 
Partition noise, 49-9 
Phase velocity, 52-6 
Piezoelectric effect, 49-3, 54-7 
Pi Mode, 53-5 
Plan position indicator, 50-16, 50-20 
Point contact diode, 54-7 
Potential line, 52-6 
Power amplifier, 49-5 
Power gain, antenna, 53-13 
Poynting vector, 52-6 
Precautions, antenna safety, 53-14 
Prism, hexagonal, 49-3 
Pulse: 
forming network, 51-2 
modulation, 50-6 
repetition frequency, 5l-1 
repetition time, 51-1 
transformer, 51-8 


Q 


Quadrupler, frequency, 49-4 
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Q (continued): RF amplifiers, 49-5 


Quarter-wave, 49-5 

Quarter wave stub, 52-1 

Quartz crystal, 49-3 

Quasi-optical conditions, 50-24, 53-13 


Radar: 
airborne, 50-11 
altitude determination, 50-21 
antennas, 50-19, 50-24, 53-13 
auxiliary equipment, 50-12 
basic operation of, 55-2 
bearing determination, 50-19 
block diagram, 55-1 
carrier frequency, 50-28 
continuous wave method, 50-4 
deflection modulation, 50-16 
duty cycle, 50-3] 
fire control, 50-10 
frequency modulation, 50-5 
historical development of, 50-3 
indicator, 50-26 
identification set, 50-12 
intensity modulation, 50-16 
interrogator, 50-12 
magnetron, 50-23 
modulator, 50-22 
power relation, 50-31 
power supply, 50-27 
pulse modulation method, 50-6 
pulse width, 50-30 
range determination, 50-18 
receivers, 50-25 
recognition set, 50-12 
recovery time, 53-10 
reflex klystron, 54-4 
search, 50-7 
transmitter, 50-23 
transponder, 50-12 
Radio wave reflection, 50-2 
Range height indicator, 50-17 
Readjusted, 49-2 
Reentrant cavity, 52-10, 54-4 
Reflected wave, 51-4 
Reflector, parabolic, 53-13 
Relay, antenna, 49-15 
Repetition: 
frequency, pulse, 51-1 
time, pulse, 51-1 
Resistance: 
negative, 49-3 
noise, 49-9 
Resistor, grid-leak, 49-3 
Resonance, mechanical, 49-3 
Resonant: 
frequency, 49-3 
slots, 53-1} 


Rochelle salt, 49-3 


S 
Salt, rochelle, 49-3 
Scan: 
A, 50-14 
B, 50-15 
Ey S0=17 


plan position indicator, 50-16, 50-20 
range height indicator, 50-17 
Search radar, 50-7 
Secondary emission noise, 49-9 
Servo mechanisms, 55-4 
Shepherd-pierce tube, 54-5 
Shock, mechanical, 49-3 
Shot effect, 49-9 
Shutter relay, 53-7 
Silicon diode, 54-7 
Skin effect, 49-5 
Sky wave, 49-1 
Slant range, 50-21 
Sound wave reflection, 50-1 
Space, interaction, 53-1 
Spark gap, 53-7, 53-9 
Spectrum analysis, 53-7 
Split-stator capacitor, 49-5 
Spurious frequencies, 49-3 
Stray: 
Capacitance, 49-5 
inductance, 49-5 
Stub, quarter wave, 53-9 
Superheterodyne, 49-13 
Surface wave, 49-1 
Swamping resistor, 54-11 
Sweep deflection, azimuth, 55-4 
Switch, hard tube, 51-2 
Switch transformer, 53-1] 
Switching devices, 51-7 


.% 


Temperature coefficient, 49-3 
Thermal noise, 49-9 
Timer, master, 5l-1 
Tourmaline crystal, 49-3 
Transformer, pulse, 51-8 
Transient distortion, 54-11 
Transit time, 49-6 
Transmission line, 49-5 
Transmission line, artificial, 51-3 
Transmit-Receive (TR): 
circuits. 53-9 
switch transformer, 53-11] 
tube handling and disposing, 53-12 
tubes, UHF, 53-10 
Traps, ion, 55-3 
Triple conversion, 53-11 
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T (continued) WwW 

Tripler, frequency, 49-4, 49-5 

Truncated parabaloid, 53-13 Wave: 

Tube: ground, 49-1 
acorn, 49-9 incident, 51-4 
cathode ray, 55-1, 55-3 quarter, 49-5 
density, modulated, 54-2 sky, 49-1 
multiplier, 49-5 space, 49-1 

Tuned line, 49-5 surface, 49-1 

Tuned plate tuned grid oscillator, 49-2 Waveguide: 


impedance matching, 52-8 
magic T section, 54-9 
termination, 52-9 


U Waveguides: 
advantages of, 52-3 
UHF transceiver oscillator, 49-10 boundary conditions, 52-5 
Ultra high frequency:, (UHF), 49-1 coupling methods, 52-8 
antennas, 49-6 cut-off frequency of, 52-6 
audio amplifiers, 49-11 development of, 52-1] 
buffer amplifiers, 49-4 disadvantages of, 52-4 
detectors, 49-10 energy propagation in, 52-6 
frequency multipliers, 49-4 power handling capabilities of, 52-2 
IF amplifiers, 49-9 Wave length, group, 52-6 
mixers, 49-11 Wave method, continuous, 50-4 


oscillators, 49-2 
power amplifiers, 49-4 
systems, 49-1 Xx 
transceiver, 49-1 
X, axis, 49-3 


Vv 


Vane anodes, 53-4 
Variable-frequency oscillator, 49-3 Y, axis, 49-3 
Véctor, poynting, 5Z2=6 Yoke, 55-3 
Velocity: 
free space, 52-6 
modulated tube, 54-2 z 
phase, 52-6 
Vertical deflection coils, 55-3 Z, axis, 49-3 
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